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(57) ABSTRACT

A method and computer-usable medium including instruc-
tions for performing a method for scheduling executable
transactions within a multicore processor comprising a plu-
rality of processor elements. The method includes listing,
using at least one distribution queue, a portion of the
executable transactions in order of eligibility for execution.
A plurality of executable transaction schedulers are pro-
vided, wherein each executable transaction scheduler
includes a scheduling process for determining a most eli-
gible executable transaction for execution from at least one
candidate executable transaction ready for execution. The
executable transaction schedulers are linked together to
provide a multilevel scheduler. The most eligible executable
transaction is output from the multilevel scheduler to the at
least one distribution queue.
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SCHEDULING IN A MULTICORE PROCESSOR

RELATED APPLICATIONS

[0001] The present application is related to and claims the
benefit of Great Britain Priority Application Number
0519981.5, filed Sep. 30, 2005, entitled “Scheduling In A
Multicore Architecture,” and naming Mark D. Lippett as the
inventor. That application is incorporated herein by refer-
ence in its entirety and for all purposes.

[0002] The present application is related to U.S. patent
application Ser. No. , filed _, entitled “Managing
Power Consumption In A Multicore Processor,” naming
Mark D. Lippett as the inventor, assigned to the assignee of
the present invention, and having attorney docket number
COWR-P030. That application is incorporated herein by
reference in its entirety and for all purposes.

BACKGROUND OF THE INVENTION

[0003] In recent years, there has been a trend towards
producing processors containing multiple cores, in order to
maximize silicon efficiency (i.e. “application-available”
MIPs/mm or MIPs/mW). Such multicore architectures are
ideally suited to running applications based on threads
because a thread defines an autonomous package of work
containing an execution state, instruction stream and dataset,
which may execute concurrently with other threads.

[0004] Scheduling is the general term for the discovery
and allocation of the most-suitable thread (e.g., set of
instructions) for execution to particular processing
resources, which is required by both the application program
and the underlying hardware platform upon which it is being
executed. Accordingly, the concurrency of execution within
a multicore architecture, combined with the possible avail-
ability of multiple cores suitable for executing a particular
thread, introduces additional problems into the scheduling
used to allocate threads within these multicore architectures.

SUMMARY OF THE INVENTION

[0005] According to a first aspect of the present invention,
there is provided a method of scheduling executable trans-
actions, more often referred to as threads, within a multicore
processor. By providing a multilevel, and more preferably
hierarchical, scheduling system, the present invention
enables the construction of complex scheduling algorithms
out of one or more simpler scheduling algorithms. The
ability to use such complex scheduling algorithms improves
the performance of an application, including multiple
threads, during its execution. The present invention
improves the runtime performance of an application by more
efficiently allocating the executable transactions, or threads,
to processing resources. This can increase the speed of
execution and reduce bottlenecks on certain resources. It can
also increase the usage of otherwise less active parts of the
multicore processor.

[0006] In the preferred embodiment, the method is carried
out by a dedicated hard-coded, therefore efficient, embodi-
ment. The preferred hard-coded embodiment is in a server—
client topology, including the system server (referred to
hereafter as SystemWeaver), and a client per processing
resource, or core, within the multicore processor. In other
embodiments where the abilities of the processing resources
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in question allow, a single client may aggregate access to
multiple processing resources.

[0007] To further improve performance of the overall
system incorporating the present invention, the preferred
embodiment uses pointers within a dedicated memory for
scheduling allocations, storing values for decision purposes,
and the like. These pointers preferably contain fields for
storing parameters upon which the scheduling decisions are
made, and preferably contain further fields for storing values
for use in subsequent decisions, or simply to store other
values of interest. The fields are collectively referred to
hereinafter as metrics or operators.

[0008] According to a second aspect of the invention,
there is provided a method of scheduling executable trans-
actions within a multicore processor, the executable trans-
actions defining an application, and the multicore processor
having a plurality of processor elements, the method includ-
ing maintaining a hierarchy of executable transaction sched-
ulers, wherein the hierarchy is adapted to schedule execut-
able transactions in accordance with the requirements of the
application when in use, wherein each level of the scheduler
hierarchy includes at least one scheduler, and wherein the at
least one scheduler includes at least one rule to sort the
executable transactions into an order of the most eligible
transactions for execution on one or more of the processor
elements.

[0009] According to a third aspect of the present inven-
tion, there is provided a method of managing power con-
sumption in a multicore processor. In the case where a
multicore processor has multiple processing resources, each
capable of executing a particular thread, the present inven-
tion allows these multiple processing resources to be placed
into a pool together. It is then this pool of processing
resources that is allocated threads. In such a situation,
however, when the number of threads needing execution
does not surpass the executing capability of the pool, i.e.
some of the processing resources within that pool are either
being under-utilized, otherwise not being utilized at all, the
present invention allows each of the processing resources to
be placed into a power saving mode. The processing
resources may even have multiple, different, levels of power
saving. Preferably, processing resources are taken out of a
power saving mode, or at least moved to a lesser power
saving mode with its associated lower cost of return to full
power mode, when the thread execution load requires it.

[0010] According to a fourth aspect of the present inven-
tion, there is provided a method of scheduling executable
transactions, or threads, within a multicore processor having
at least one processor element including reconfigurable
logic. In the case where one or more of the processor
elements has a reconfigurable logic part, for example in the
case of the reconfigurable execution part of a Field Pro-
grammable Gate Array (FPGA), the present invention can
improve performance by aggregating threads together that
utilize the same configuration of the logic. This serves to
reduce the need, or lessen the impact of, context switches,
i.e. when the reconfigurable logic part is being reconfigure.

[0011] This invention may also improve performance in
the case of reconfigurable logic, in the form of a local cache
memory storing the instructions ready for execution next on
the processor element in question. This is because the effect
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of local cache misses, or local cache flushes can be mini-
mised by aggregating threads for execution that use the same
area of cached memory.

[0012] According to a fifth aspect of the present invention,
there is provided a computer program, which, when
executed by digital logic, carries out a process of scheduling
executable transactions within a multicore processor includ-
ing a plurality of processor elements. There is also provided
a computer readable medium containing the instructions for
executing this process.

[0013] Processor elements, processing resources, cores,
and processors are to be construed as equivalent when
utilizing the teachings of the description herein. The busy
status of a processor element may equate to its current
workload.

[0014] According to a further aspect of the present inven-
tion a multicore processor is provided, the multicore pro-
cessor including: a plurality of processor elements; at least
one distribution queue, the distribution queue listing execut-
able transactions in order of eligibility for execution; and a
multilevel scheduler including: a plurality of individual
executable transaction schedulers, wherein each individual
executable transaction scheduler includes a scheduling algo-
rithm for determining the most eligible executable transac-
tion for execution from a number of candidate executable
transactions ready for execution; wherein the schedulers are
linked together and the multilevel scheduler is arranged to
output the most eligible executable transaction from therein
to the at least one distribution queue.

[0015] An executable transaction may include a thread
descriptor, which may be selected from a plurality of states.
The thread descriptor may be changed between states from
the plurality of states, according to a state transition con-
figuration, thereby identifying the executable transaction,
such that it may be managed, amongst a plurality of execut-
able transactions, to provide low scheduling latency and
integrity of the scheduling hierarchy. A scheduler may
identify the thread descriptor. The scheduler may include a
scheduler state, selected from a plurality of scheduling
states. The scheduler state is controlled to support a dynamic
scheduling hierarchy, wherein the scheduling hierarchy may
be adjusted during the normal operation of the system,
whilst maintaining the ordering and integrity of items sched-
uled within that hierarchy.

[0016] The multicore processor may further include a
hardware timing resource, which may be arranged to provide
a watchdog timeout, and wherein the watchdog timeout
indicates that a processing resource instance has entered an
inoperable state. The hardware timing resource may alter-
natively provide a timeslice timeout, wherein the timeslice
timeout indicates that a processing resource instance, or
group of processing resource instances, is shared fairly
between multiple equally eligible executable transactions.
Fair sharing may include providing an equal share of the
time, or a share of the time proportion to the requirements
of the executable transaction. The hardware timing resource
may be arranged to switch between a first mode in which it
is configured to provide the watchdog timeout and a second
mode in which it is configured to provide the timeslice
timeout. The hardware timing resource is preferably con-
figured to switch to the first mode, once a timeslice timeout
is provided.
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[0017] The pending manager of the multicore processor
may further include a timer queue, each timer queue being
arranged to receive timer queue elements. Timer queue
elements may include executable transactions. A first
executable transaction in the timer queue may be associated
with a first time parameter. The first time parameter indicates
the timeout time, the timeout time being the time when the
associated executable transaction should become eligible for
execution. Preferably, the timeout time of the first execut-
able transaction is closest to the current time. A second
executable transaction may be associated with a second time
parameter. The second time parameter indicates the differ-
ence between the timeout time of the second executable
transaction and the timeout of the first executable transac-
tion. A third executable transaction may be associated with
a third time parameter. The third time parameter indicates
the difference between the timeout time of the third execut-
able transaction and the timeout time of the second execut-
able transaction.

[0018] A first executable transaction in a queue may be
associated with a time parameter. This time parameter
indicates the time difference between the timeout of the
associated executable transaction and the timeout of a sec-
ond executable transaction, also in the queue. Preferably the
second executable transaction is the executable transaction
in the queue having a timeout occurring before and closest
to the timeout of the first executable transaction.

[0019] The multicore processor may further include a
plurality of dispatch queues. Preferably, a dispatch queue is
arranged to identify a further dispatch queue. Each dispatch
queue may include a dispatch queue descriptor. This enables
a flexible number of served processing resource instances,
and also enables the dispatch queue descriptors to be serially
interrogated. A dispatch queue may be further arranged to
identify an executable transaction, from a group of pre-
emption executable transactions, currently using a processor
element. The dispatch queue may be further arranged to
identify a further executable transaction, from the group of
pre-emption executable transactions, which will subse-
quently use the processor element. The dispatch queue
thereby holds the index of the latest scheduling decision as
made by the schedule manager.

[0020] The linkage of individual executable transaction
schedulers to provide the multilevel scheduler defines a
scheduling hierarchy, wherein each executable transaction
scheduler has an associated scheduling tier. An executable
transaction scheduler may be configured to identify an
executable transaction scheduler which previously sched-
uled an executable transaction. Optionally, the executable
transaction scheduler may identify if the executable trans-
action originates from a distribution queue associated with a
processor element. The executable transaction scheduler
may identify if the executable transaction comes from a
group of pre-emption executable transactions. Processing
may be optimised for cases where the scheduling event is a
“push” event. When an executable transaction is scheduled
by an executable transaction scheduler, the executable trans-
action scheduler may be further configured to communicate
a correction parameter to each executable transaction sched-
uler which previously scheduled the executable transaction.
The correction parameter allows the propagation of the
scheduling decision and the maintenance of the integrity of
counters within the multilevel scheduler.
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[0021] A method of operating a multicore processor sys-
tem may also be provided including: providing a client; and
selecting an interaction state for the client. The interaction
state may include: an idle state, during which the client may
be configured to operate in a power management mode; and
a user state, during which the client is configured to execute
an executable transaction in a user or normal mode. Pref-
erably the interaction state may further include an API
interaction state, during which the client is configured to
execute an executable transaction in a privileged state.
Optionally, the interaction state may include a client shim
state, during which the client may be configured to prepare
a context for an executable transaction. Preferably, the
method also includes providing a server, wherein the inter-
action state is shared between the client and server. Prefer-
ably, an out of band signal may be provided to cause the
interaction state to change. The server may provide the out
of band signal. Optionally, an executable transaction may
cause the interaction state to change.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] The present invention is illustrated by way of
example, and not by way of limitation, in the figures of the
accompanying drawings and in which like reference numer-
als refer to similar elements.

[0023] FIG. 1 shows a task state diagram similar to the one
implemented in System Weaver for the management of tasks
or threads in a multicore system in accordance with one
embodiment of the present invention.

[0024] FIG. 2 shows a representation of the scheduling
points with respect to the queuing points which they engen-
der in accordance with one embodiment of the present
invention.

[0025] FIG. 3 shows the principle elements of a software
client shim in accordance with one embodiment of the
present invention.

[0026] FIG. 4 shows a state diagram of the SystemWeaver
client in action in accordance with one embodiment of the
present invention.

[0027] FIG. 5 shows a conceptual scheduling structure in
accordance with one embodiment of the present invention.

[0028] FIG. 6 shows a scheduler hierarchy diagram which
demonstrates the parent and child relationship in accordance
with one embodiment of the present invention.

[0029] FIG. 7 shows an example scheduling cone imple-
mentation in accordance with one embodiment of the
present invention.

[0030] FIG. 8 shows a typical processing resource pool
configuration in accordance with one embodiment of the
present invention.

[0031] FIG. 9 shows the scheduling metrics present within
a task descriptor in accordance with one embodiment of the
present invention.

[0032] FIG. 10 shows a basic configuration for a single
processor in accordance with one embodiment of the present
invention.

[0033] FIG. 11 shows a more representative scheduling
structure for a single processing resource instance in accor-
dance with one embodiment of the present invention.

Sep. 20, 2007

[0034] FIG. 12 shows the detail view of one of the FIFO
scheduling tiers in accordance with one embodiment of the
present invention.

[0035] FIG. 13 shows a representation of this type of
structure for a pool containing two processing resource
instances in accordance with one embodiment of the present
invention.

[0036] FIG. 14 shows an example structure where a pro-
cessing resource participates in two pools in accordance
with one embodiment of the present invention.

[0037] FIG. 15 shows a configuration comprising five
processing resource instances and two distribution pools in
accordance with one embodiment of the present invention.

[0038] FIG. 16 shows exemplary scheduling analysis,
policies and operators in accordance with one embodiment
of the present invention.

[0039] FIG. 17 shows the rescheduling scope for a event
on a basic scheduling hierarchy in accordance with one
embodiment of the present invention.

[0040] FIG. 18 shows the rescheduling scope for a simple
two instance processing resource pool in accordance with
one embodiment of the present invention.

[0041] FIG. 19 shows an exemplary rescheduling scope in
accordance with one embodiment of the present invention.

[0042] FIG. 20 shows a sequence diagram for the resched-
uling which occurs as a result of a push event in accordance
with one embodiment of the present invention.

[0043] FIG. 21 shows exemplary metric propagation in
accordance with one embodiment of the present invention.

[0044] FIG. 22 shows the two parts of the running state in
accordance with one embodiment of the present invention.

[0045] FIG. 23 shows an exemplary timeslice configura-
tion in accordance with one embodiment of the present
invention.

[0046] FIG. 24 shows an exemplary task priority delta
diagram in accordance with one embodiment of the present
invention.

[0047] FIG. 25 shows the classical case with a single
processor and three timeslice tasks in accordance with one
embodiment of the present invention.

[0048] FIG. 26 shows the same scenario with two proces-
sors in accordance with one embodiment of the present
invention.

[0049] FIG. 27 shows three exemplary processor timeslice
tasks in accordance with one embodiment of the present
invention.

[0050] FIG. 28 shows exemplary dual processor timeslice
tasks in accordance with one embodiment of the present
invention.

[0051] FIG. 29 shows the “executing priority” of a pro-
cessing resource instance (PRI) as time passes in an idle
state using ascending priority in accordance with one
embodiment of the present invention.
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[0052] FIG. 30 shows a logical view of the management of
outstanding tasks in accordance with one embodiment of the
present invention.

[0053] FIG. 31 shows an exemplary architecture in accor-
dance with one embodiment of the present invention.

[0054] FIG. 32 shows the conceptual effect of such a
system in accordance with one embodiment of the present
invention.

[0055] FIG. 33 shows an exemplary hysteresis scheduling
configuration in accordance with one embodiment of the
present invention.

[0056] FIG. 34 shows the results of a simulation of the
presented scheduling algorithm in accordance with one
embodiment of the present invention.

[0057] FIG. 35 shows an exemplary compound scheduling
algorithm in accordance with one embodiment of the present
invention.

[0058] FIG. 36 shows an exemplary key to scheduling
diagrams in accordance with one embodiment of the present
invention.

[0059] FIG. 37 shows an exemplary hardware and soft-
ware configuration in accordance with one embodiment of
the present invention.

[0060] FIG. 38 shows the interface groups found on the
core periphery in accordance with one embodiment of the
present invention.

[0061] FIG. 39 shows exemplary logical components of
the SystemWeaver server entity in accordance with one
embodiment of the present invention.

[0062] FIG. 40 shows an exemplary principle sub-blocks
of the SystemWeaver architecture in accordance with one
embodiment of the present invention.

[0063] FIG. 41 shows the internal thread state diagram
through which both thread descriptors and marker thread
descriptors traverse in accordance with one embodiment of
the present invention.

[0064] FIG. 42 shows an exemplary scheduler tier state
diagram in accordance with one embodiment of the present
invention.

[0065] FIG. 43 shows exemplary primary 10 in accor-
dance with one embodiment of the present invention.

[0066] FIG. 44 shows exemplary watchdog interrupt con-
trol in accordance with one embodiment of the present
invention.

[0067] FIG. 45 shows exemplary timeslice control in
accordance with one embodiment of the present invention.

[0068] FIG. 46 shows an exemplary timer cycle flow
diagram in accordance with one embodiment of the present
invention.

[0069] FIG. 47 shows an exemplary primary 10 in accor-
dance with one embodiment of the present invention.

[0070] FIG. 48 shows an exemplary internal architecture
in accordance with one embodiment of the present invention

[0071] FIG. 49 shows an exemplary primary 10 in accor-
dance with one embodiment of the present invention.

Sep. 20, 2007

[0072] FIG. 50 shows an exemplary pending queue struc-
ture in accordance with one embodiment of the present
invention.

[0073] FIG. 51 shows an exemplary basic timer queue
structure in accordance with one embodiment of the present
invention.

[0074] FIG. 52 shows an exemplary active timer cycle
flow diagram in accordance with one embodiment of the
present invention.

[0075] FIG. 53 shows an exemplary basic timeout state
machine in accordance with one embodiment of the present
invention.

[0076] FIG. 54 shows a basic timer queue structure after
pop of a first thread in accordance with one embodiment of
the present invention.

[0077] FIG. 55 shows a basic timer queue structure after
pop of a second thread in accordance with one embodiment
of the present invention.

[0078] FIG. 56 shows a basic timer queue structure after
pop of a third thread in accordance with one embodiment of
the present invention.

[0079] FIG. 57 shows exemplary primary 10 in accor-
dance with one embodiment of the present invention.

[0080] FIG. 58 shows exemplary internal architecture in
accordance with one embodiment of the present invention.

[0081] FIG. 59 shows exemplary primary 10 in accor-
dance with one embodiment of the present invention.

[0082] FIG. 60 shows an exemplary reschedule flow pro-
cess in accordance with one embodiment of the present
invention.

[0083] FIG. 61 shows an exemplary single pass schedul-
ing process in accordance with one embodiment of the
present invention.

[0084] FIG. 62 shows an exemplary intra-tier scheduling
process in accordance with one embodiment of the present
invention.

[0085] FIG. 63 shows an exemplary inter-tier scheduling
process in accordance with one embodiment of the present
invention.

[0086] FIG. 64 shows an exemplary inter-tier scheduling
process in accordance with one embodiment of the present
invention.

[0087] FIG. 65 shows an exemplary iterating pool distri-
bution diagram in accordance with one embodiment of the
present invention.

[0088] FIG. 66 shows an exemplary inter-tier distribution
process in accordance with one embodiment of the present
invention.

[0089] FIG. 67 shows an exemplary intra-pool tier sched-
uling process in accordance with one embodiment of the
present invention.

[0090] FIG. 68 shows an exemplary scheduling hierarchy
in accordance with one embodiment of the present inven-
tion.
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[0091] FIG. 69 shows an exemplary cascaded scheduling
hierarchy in accordance with one embodiment of the present
invention.

[0092] FIG. 70 shows an exemplary pool-based schedul-
ing hierarchy in accordance with one embodiment of the
present invention.

[0093] FIG. 71 shows exemplary primary 10 in accor-
dance with one embodiment of the present invention.

[0094] FIG. 72 shows an exemplary push event in accor-
dance with one embodiment of the present invention.

[0095] FIG. 73 shows an exemplary pop event in accor-
dance with one embodiment of the present invention.

[0096] FIG. 74 shows an exemplary SystemWeaver server
in accordance with one embodiment of the present inven-
tion.

DETAILED DESCRIPTION OF THE
INVENTION

[0097] Reference will now be made in detail to embodi-
ments of the present invention, examples of which are
illustrated in the accompanying drawings. While the present
invention will be discussed in conjunction with the follow-
ing embodiments, it will be understood that they are not
intended to limit the present invention to these embodiments
alone. On the contrary, the present invention is intended to
cover alternatives, modifications, and equivalents which
may be included with the spirit and scope of the present
invention as defined by the appended claims. Furthermore,
in the following detailed description of the present inven-
tion, numerous specific details are set forth in order to
provide a thorough understanding of the present invention.
However, embodiments of the present invention may be
practiced without these specific details. In other instances,
well-known methods, procedures, components, and circuits
have not been described in detail so as not to unnecessarily
obscure aspects of the present invention.

Notation and Nomenclature

[0098] Some portions of the detailed descriptions which
follow are presented in terms of procedures, logic blocks,
processing and other symbolic representations of operations
on data bits within a computer memory. These descriptions
and representations are the means used by those skilled in
the data processing arts to most effectively convey the
substance of their work to others skilled in the art. In the
present application, a procedure, logic block, process, or the
like, is conceived to be a self-consistent sequence of steps or
instructions leading to a desired result. The steps are those
requiring physical manipulations of physical quantities.
Usually, although not necessarily, these quantities take the
form of electrical or magnetic signals capable of being
stored, transferred, combined, compared, and otherwise
manipulated in a computer system.

[0099] Tt should be borne in mind, however, that all of
these and similar terms are to be associated with the appro-
priate physical quantities and are merely convenient labels
applied to these quantities. Unless specifically stated other-
wise as apparent from the following discussions, it is appre-
ciated that throughout the present invention, discussions

utilizing the terms such as “writing,”“identifying,”defin-
ing,”“determining,‘re-determining,

29%¢ 29%¢

performing,”“pro-
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29¢¢ 29¢¢ 2% 29¢¢

repeating,
”“using,

creating,
calculating,
*utilizing,” ‘reducing,
snooping,”“‘preventing,
allowing,”“denying,

‘modifying,
“‘accessing,

comparing,
*“‘establishing,

2%

cessing,
““moving,
generating,”limiting,”‘copying,
tracking,”‘routing,‘updating,”
storing,”“enabling,”“disabling,
”*handling,”“transferring,”detecting,” ‘returning,
»“changing,”“mapping,”listing,”‘providing,”“‘outputting,
commencing,”‘linking,”“un-linking,”“assigning,
removing,”“associating,”‘causing,”“‘resuming,
switching,”‘stopping,”‘selecting,”“maintaining,
placing,”returning,”“identifying,”‘placing,” or the like,
refer to the action and processes of a computer system, or
similar electronic computing device, that manipulates and
transforms data represented as physical (electronic) quanti-
ties within the computer system’s registers and memories
into other data similarly represented as physical quantities
within the computer system memories or registers or other
such information storage, transmission or display devices.

29¢¢
29¢¢ 29¢¢
29¢¢

29¢¢
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Embodiments of the Invention

[0100] FIG. 1 shows a task state diagram similar to the one
implemented in SystemWeaver for the management of tasks
or threads in a multicore system.

[0101] In multicore systems, the scheduler provides pack-
ets of work at the optimum time to the optimum resources
according to a set of predefined rules (the “schedule™).
Scheduling is required by both the application and the
underlying hardware platform.

[0102] Application scheduling comprises synchronization
and eligibility. Synchronization ensures that resources
within the system can be shared without compromising the
integrity of the data and possibly the system as a whole.
Eligibility ensures that ready tasks are issued to the process-
ing resources in a manner consistent with the needs of the
application, expressed in the scheduling policy.

[0103] Platform based/distribution scheduling defines a
policy in which application tasks are distributed amongst the
appropriate processing resource instances. This may imply
sharing a processing resource amongst multiple users and/or
multiple different algorithms.

[0104] FIG. 2 shows a representation of the scheduling
points with respect to the queuing points which they engen-
der. From left to right the first queue point encountered is the
pending queue. Blocked tasks are stored in the pending
queue according to their priority and liberated by synchro-
nization events, further discussion of the pending queue
structure and behavior is beyond the scope of this document.
The second queuing point is the ready queue, which com-
prises both the application and distribution scheduling. In
FIG. 2 this is split into three logical sections; the application
and distribution scheduling. Conceptually, between these
two scheduling stages is a point where all the currently ready
application tasks have sorted according to their eligibility
(expressed in user defined metrics and scheduling policies).
This is point referred to as the distribution node.

[0105] Before the distribution node a set of application
specific scheduling policies are configured which determine
how tasks of differing classes and task instances of common
classes compete for access to the processing resource
instances. This hierarchy of scheduling policies is referred to
as the scheduling cone and is application specific.
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[0106] After the scheduling cone a set of platform specific
scheduling policies are configured which determine how the
most eligible application tasks are distributed to the pro-
cessing resource instances present in the underlying hard-
ware platform. This hierarchy of scheduling policies is
referred to as the distribution cone and is platform specific.

[0107] The effectiveness of a scheduling policy and imple-
mentation may be judged on a combination of many prop-
erties including, for example, throughput, latency, predict-
ability/determinism, efficiency and policies. Throughput
may be the number of scheduling decisions which may be
made per second. Latency may be the time which elapses
between an event within the system and the completion of
the scheduling operation associated with the event. Predict-
ability and/or determinism may be the ability to determine
how the system will behave under all circumstances. Effi-
ciency may be the efficiency within which any given sched-
uling algorithm may be implemented. This may be measured
in instructions per decision (a measurement of instruction set
efficiency) and/or silicon footprint (memory and other die
area). Policies may be the diversity of supported policies and
the ability to combine them to form complex hierarchies.

[0108] SystemWeaver Components

[0109] There are two primary components of System-
Weaver: the server core and the client shims. These may be
connected in a variety of ways. A SystemWeaver enabled
system would comprise a server core and at least one client
shim.

[0110] The SystemWeaver core comprises a hardware
engine and a tightly coupled memory. The memory contains
scheduling configuration and dynamic descriptors used to
represent units of work within the system. Each System-
Weaver core is aggregated across multiple clients, which
may be either instructions set based architectures or hard-
ware accelerators. SystemWeaver communicates with each
client individually through two logically separate datapaths.
First, an out-of-band signal may alert the client to a change
in system state requiring attention. The SystemWeaver core
is the master of this interface, which is typically embodied
as an interrupt (assumed here and after). Second, a datapath
may be used through which the client may interrogate
SystemWeaver. The client is the master of this interface,
which may be embodied as a bus, duplex serial interface or
any other bidirectional implementation.

[0111] During the boot process the SystemWeaver core
must be initialized. Typically one client will be nominated
the boot master and will initialize SystemWeaver, and its
associated memory, on behalf of the rest of the system.

[0112] In a classical configuration each client has an
individual client shim, however more conservative imple-
mentations may aggregate client shims over multiple clients.
Client shims may be embodied in hardware or software.

[0113] FIG. 3 shows the principle elements of a software
client shim. The SystemWeaver HAL implements the com-
mand formatting required for the register interface of the
SystemWeaver core. The SystemWeaver API enables the
application to make calls to the SystemWeaver core at a task
based abstraction. The user thread(s) are application threads
which use the System Weaver task management capabilities.
At any instance in time, only one user thread is directly
under the management of each individual client. The client
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shim handles the out of band signal servicing (typically
interrupt servicing). Primarily the client shim managed
contexts within the processing resource instance, ensuring
that integrity is preserved through task switching and pre-
emption. Typically the client shim contains an architectur-
ally agnostic part and an instruction set architecture specific
part. The idle agent implements a management task which
handles power-down modes of individual processing
resource instances or macro-architectures.

[0114] FIG. 4 shows a state diagram of the SystemWeaver
client in action. The client shim performs two primary
functions. First, management (allocation, storage and resto-
ration at appropriate times) of the “context” (for a classical
processor context can contain processor stack space and
content, register values, program counter etc.) within which
the processing resource instance is executing. There are two
types of context—user or task context, which is the context
within which a user task executes, and processing instance
specific context, which is a context dedicated to client shim
administrative operations. Second, management of operat-
ing mode (in a classical processor user (normal) and super-
visor (privileged) modes are available which define the right
to access certain key system resources—for example, unlike
a supervisor mode task, a user mode task will not be
permitted to access resources which may adversely affect
other user mode tasks sharing the processing resource).

[0115] The following description is for a general purpose
processor, although similarities exist for all client types.
During the idle state, user defined algorithms may utilize the
power-down modes made available by the end processing
resource instance (for example, clock gating or other low
power states) or the system architecture as a whole (for
example, clock gating or reducing or eliminating the power
supply to a particular processing resource instance). Whilst
in this state the processing resource instance may operate in
a privileged mode and will be using the processing resource
specific context. Note that the SystemWeaver server does
not instruct the client to enter the idle state—the client does
so as a result of an absence of scheduled tasks. Each client
remains in the “idle” state until instructed to respond
through an out of band signal (typically an interrupt) from
the SystemWeaver server.

[0116] The client shim state manages the executing con-
text of the user and idle tasks. When in the “client shim”
state, the client shim saves the context of any task which has
finished execution, been pre-empted or has blocked and
recovers or creates a context for the next executing task (in
the case of the idle task this is the processing resource
instance specific context). Whilst in this state the processing
resource instance may operate in a privileged mode. At times
the client shim may be operating in either the processing
resource specific context or the user or task context.

[0117] The “client shim” state is entered as a result of out
of'band signaling from the SystemWeaver server (transitions
from the “user” or “idle” states to the “client shim” state) or
as a result of a SystemWeaver API call which has caused the
executing task to become blocked (“SyWAPI” state to
“client shim” state, for example as a result of a failed attempt
to lock a semaphore).

[0118] Upon completion of processing, the client shim
may transition the “client shim” state to the “idle” state (if
there are no outstanding tasks for the processing resource
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instance) or into the “user” state (if eligible tasks exist for
the processing resource instance) without any further exter-
nal signaling.

[0119] When in the “user” state the client shim executes
user application code. Whilst in this state the processing
resource instance would normally operate in a “user” or
“normal” mode. The “User” state would operate entirely
within the user or task context.

[0120] The “User” state may be entered from the “client
shim” state as a result of commencing or resuming a user
task or from the SyWAPI state, as a result of a return from
a SystemWeaver server API call.

[0121] The client shim may transition from the “User”
state to the “client shim” state as a result of task completion
or pre-emption (the receipt of out of band signaling from the
SystemWeaver server). The client shim may transition from
the “user” state to the SyWAPI state as a result of a call to
the SystemWeaver server APL

[0122] Where a user task requires interaction with the
SystemWeaver core it does so through the SystemWeaver
API which causes a client shim state change to “SyWAPI”.
Whilst in this state the processing resource instance may
operate in a privileged mode. The “SyWAPI” state would
operate entirely within the user or task context. The
“SyWAPI” state is entered following a call to the System-
Weaver APL

[0123] For non-blocking calls the client shim will return
from the “SyWAPI” state to the “user” state, however, some
accesses—for example those associated with semaphores—
can cause the user task to become blocked (blocked tasks
must wait until some shared system resource becomes
available). In this case the client shim transitions into the
“client shim” state.

[0124] Concepts

[0125] The following section discusses the concepts
required to understand the operation of the SystemWeaver
scheduler.

[0126] SystemWeaver Memory Elements

[0127] SystemWeaver requires an attached tightly coupled
memory, the use of this memory for storage of scheduling
policies enables full scheduling modification and tuning
flexibility throughout the system development process. The
SystemWeaver memory is divided into SystemWeaver
memory elements (WMEs). WMEs are used to represent
task and scheduling descriptors discussed below.

[0128] Task Descriptors

[0129] Task descriptors are the key “unit of currency” of
the SystemWeaver architecture. They are representative of
units of work which compete for access to processing
resource instances according to the rules configured within
the scheduling hierarchy. Task descriptors contain:

[0130] A reference to atask control block, which in turn
contains a reference to the task to be executed and the
dataset upon which it must be executed.

[0131] Scheduling metrics, defining the eligibility of the
task.
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[0132] Synchronization references and timeouts may
also be included for tasks which will be blocked
initially. A more detailed description of blocked task
behavior is outside the scope of this document.

[0133] A reference to an “Entry Node”, which defines
the part of the scheduling hierarchy to which the task
descriptor must be added (possibly after synchroniza-
tion).

[0134] Scheduling and Distribution Cones

[0135] Two types of cones are used to describe System-
Weaver scheduling behavior; scheduling and distribution
cones. Scheduling cones are used to describe a hierarchy of
schedulers which converge from many “entry” points to a
single aggregated point—a many to one mapping. Distribu-
tion cones are used to describe a hierarchy of schedulers
which diverge from a single aggregated point to multiple
“dispatch” points—one-to-many mapping.

[0136] Scheduling cones (shown in red in FIG. 5) define
the “application decision node” hierarchies, which are
driven by the needs of the application (also shown as
“Application Scheduling” within the ready state of FIG. 2).
Scheduling cones are many-to-one mappings, defining the
rules by which multiple classes of task and multiple
instances of task classes compete for system resources.

[0137] Distribution cones (shown in purple in FIG. 5)
define the “distribution decision node” hierarchies, which
are driven primarily by the properties of the underlying
hardware platform (also shown as “Distribution scheduling”
within ready state of FIG. 2). Distribution cones define the
rules by which the most eligible candidates of the scheduling
cones are distributed amongst the available and appropriate
processing resources.

[0138] Primary Scheduling Nodes

[0139] There are three primary nodes used to describe
scheduling configuration: entry nodes, distribution nodes
and dispatch nodes. The primary nodes are an overlay on the
underlying secondary node structure, which more closely
reflects the detailed implementation of the scheduler.

[0140] Entry nodes define the point at which new tasks are
queued. Entry nodes typically map many-to-one onto dis-
tribution nodes as the two extremes of a scheduling cone.
Entry nodes may be associated with specific classes of task
or according to other application derived policies. A given
entry node may only map onto a single distribution node.

[0141] Distribution nodes define the delineation between
scheduling and distribution cones. They are typically rep-
resentative of a class of processing resource. Scheduling
cones typically map one or more entry nodes onto a single
distribution node, distribution cones typically map a single
distribution node onto multiple dispatch nodes and therefore
ultimately processing resource instances.

[0142] Dispatch nodes define an exit point associated with
an individual processing resource instance. They will typi-
cally map one to one with the IP cores which exist within the
hardware platform (although hardware multi-threaded pro-
cessor cores may be allocated multiple dispatch queues).
Multiple distribution cones may map onto individual dis-
patch nodes.
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[0143] Secondary Scheduling Nodes

[0144] Two types of decision nodes are defined: applica-
tion decision nodes and distribution decision nodes.
Although application and distribution decision nodes map
directly onto scheduling tiers, they do not exhaustively
define the numbers or types of underlying tiers within the
scheduler implementation.

[0145] Application decision nodes define interim sched-
uling or aggregation points within the scheduling cone. Each
application decision node defines a rule by which the most
eligible candidate of a set may be selected.

[0146] Where multiple distribution nodes map onto a
single dispatch node, a distribution decision node is required
to set the policy which determines the distribution cone
which gains access to the processing resource instance.

[0147] Schedule Configuration

[0148] The ready state structure (FIG. 2) contains threads
that are ready for execution. The entire ready state structure
may comprise numerous scheduling and distribution cones.
These threads were created with independent thread primi-
tives (i.e. they were created in the ready state), or they have
received the synchronization primitive or timeout upon
which they were dependant. Synchronized threads have
previously transitioned from the blocked state.

[0149] The ready state structure may contain scheduler
node descriptors and independent thread descriptors. The
structure is largely defined during system initialization
although thread descriptors and their associated dynamic
scheduler tier descriptors are allowed to come and go during
runtime.

[0150] The ready state structure allow threads to be sched-
uled to a pool of processing nodes, or a specific processing
node. This enables load balancing or other distribution
behavior across multiple compatible processing resources
whilst maintaining the ability to target specific tasks at
specifically capable processing resources (for example hard-
ware accelerators or 1O devices).

[0151] Scheduling tiers are the primitive resource used to
implement the primary and secondary scheduling nodes
which make up the ready state structure. Scheduling tiers
may have parent, child or peer relationships with other
scheduling tiers and task descriptors.

[0152] FIG. 6 shows a scheduler hierarchy diagram which
demonstrates the parent and child relationship. In this
example, y is the parent of a, b and c. y is the peer of x and
7. Parents may only be scheduling tiers, whereas children
may be scheduling tiers or task descriptors. A given peer
group (a, b and ¢ for example) may consist of a mix of task
descriptors and scheduling tiers. In turn, all scheduling tiers
have parents (the dispatch node is the only descriptor which
does not define a parent).

[0153] During runtime, parent tiers may inherit “metrics”
(priority etc) from the most eligible child according to user
defined policies. This feature may be used where deeply
embedded scheduling policies require some knowledge of
eligible candidates from the scheduling branches which are
being compared (this topic is covered in detail in the Metric
Propagation section below).
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[0154] SystemWeaver Scheduling Hierarchy

[0155] The following sections describe the building
blocks of any SystemWeaver scheduling hierarchy.

[0156] Basic Scheduler Tiers

[0157] Scheduler tiers define the hierarchy used to sched-
ule thread descriptors. Each scheduler tier typically defines
a scheduling algorithm, some metrics used to determine
scheduling decisions, an inheritance policy used to define
how the metrics are propagated from the child to the parent
and a list of child elements that may be further scheduler
tiers or thread descriptors. There are three types of scheduler
tier descriptor; root, static and dynamic (where dynamic tiers
are a special type of static scheduling tier). FIG. 7 shows an
example scheduling cone implementation. FIG. 36 shows
the diagram reference key for all scheduling figures from
FIG. 7 onwards.

[0158] Scheduler root descriptors have a one-to-one map-
ping with dispatch queues. They represent the ultimate node
in the ready state structure. Root descriptor metrics always
contain a copy of metrics derived from the ready state
structure according to the defined inheritance policy. Sched-
uler root descriptors are configured during system initiali-
sation and exist in perpetuity.

[0159] Scheduler static descriptors exist beneath root
nodes in the scheduling hierarchy. The parents of static
scheduler descriptors may be other static scheduler descrip-
tors or root descriptors. They compete with sibling nodes
according to their parents defined scheduler algorithm and
their own scheduler metrics.

[0160] Scheduler static descriptors are configured during
system initialization and exist in perpetuity. During opera-
tion, System Weaver maintains the scheduler metrics accord-
ing to the selected scheduling and metric propagation algo-
rithms.

[0161] Scheduler dynamic descriptors exist beneath root
and optionally static nodes in the scheduling hierarchy. The
parents of dynamic scheduler descriptors may be either
static scheduler descriptors or root descriptors. They com-
pete with sibling nodes according to their parents defined
scheduler algorithm and their own scheduler metrics.

[0162] Dynamic scheduler descriptors may be configured
at any time. This enables the system to support a far higher
number of scheduling tiers than would be possible with a
purely static provision. SystemWeaver achieves this by
capitalizing on the likelihood that, although over all time a
large number and diversity of threads and dynamic sched-
uler tiers are used, during a finite period the transient
demand is smaller. For example, in a networking system
with attached memory supporting a maximum of 4 k
dynamic elements (threads and dynamic scheduler descrip-
tors) it may be possible to support 16 k connections as at any
instant in time, data units from only a fraction of the overall
connection space will be active in the processor. This
flexibility is achieved with a small penalty in performance,
since, if a dynamic scheduler descriptor is not present, it
must be created prior to the addition of child thread descrip-
tors.

[0163] During operation, SystemWeaver maintains the
scheduler metrics according to the selected scheduling algo-
rithm. Under certain circumstances SystemWeaver will
release the dynamic scheduler descriptors back to the WME
free list.
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[0164] Processor resource pools enable the aggregation of
instances of a specific processing resource into a single
distribution node. The distribution nodes may then provide
load balancing, intelligent pre-emption and power manage-
ment across the individual members of the processing
resource pool.

[0165] FIG. 8 shows a typical processing resource pool
configuration. Three new definitions of Weaver Memory
Element support the processor pool configuration structure.
First, pool attachment nodes (PAN) are used to attach the
scheduler root tier to the processing resource pool root tier.
PANs must exist within the scheduler root tier (i.e. their
parent must be a scheduler root node). During operation
PAN metrics are automatically updated with a copy of the
metrics of the pool root node (PRN), which have, in turn,
been inherited from the scheduling cone. The schedule
operators defined within the PANs are not used.

[0166] Second, pool static nodes (PSN) are used to attach
the scheduler root tier to the processing resource pool root
tier. They exist within the pool root tier (i.e. their parent must
be a PAN) and automatically hold a copy of the metrics of
the dispatch node (i.e. the currently executing thread). The
scheduler operators within the PSN of a given pool must all
be set to the same algorithm, defining the policy used to
select the appropriate processing resource instance to be
pre-empted.

[0167] Third, there is a single pool root node (PRN) for
each processing resource pool. The pool root node defines
the distribution node for the processing resource pool. The
metrics within the PRNs reflect the most eligible thread held
within the scheduling cone associated with the distribution
node. The PRN parent pointer must be set to point to one of
the pool static nodes. The scheduler algorithms should be set
according to the needs of the adjacent tier of the scheduling
cone, as normal.

[0168] Dynamic Scheduler Configuration

[0169] SystemWeaver supports creation and deletion of
scheduling nodes at runtime as well as providing capabilities
to migrate a task class from one entry node to another
without loss or mls-ordering. Two additional concepts must
be introduced when discussing dynamic scheduler configu-
ration: dormant scheduling tiers and marker threads.

[0170] Dormant scheduling tiers exist within the hierarchy
and may accept push operations (i.e. may accumulate child
entries) but are ineligible for scheduling and therefore never
popped.

[0171] Marker Threads are only scheduled when they are
the last thread dependant on a particular part of the sched-
uling hierarchy. The number of threads dependant on a part
of the scheduling hierarchy includes the number of ready
threads and the number of blocked threads which will use
this part of the scheduling hierarchy when they become
ready. The marker thread can carry task references like any
other thread and will typically be used to complete the
management of a transition operation between one part of
the scheduling hierarchy and another.

[0172] Sequence of Operation

[0173] The following section details an example sequence
of a transition of a task stream from one part of the hierarchy.
Note that this is a superset of the deletion of a part of
scheduling hierarchy.
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[0174] 1t is the responsibility of higher level software to
ensure that the appropriate sequence of operation is
observed. Failure to observe this sequence may result in
unexpected behavior, in particular, new threads must not be
introduced to a part of scheduling hierarchy into which a
marker thread has been inserted.

[0175] In this example sequence it is assumed that a
stream of tasks, tstream, are transitioning from scheduler
hierarchy hl to new scheduling hierarchy h2.

[0176]
[0177]
[0178]
[0179]
[0180]

[0181] Scheduler Analysis, Algorithms, Operators and
Operands

[0182] Scheduling analysis takes many forms (EDF, RMA
etc) and is typically application, or at least sector, specific.
The result of scheduling analysis is a set of policies which
control the runtime deployment of the application, either
statically or dynamically. Through its unique micro-archi-
tecture, SystemWeaver executes these predefined policies/
algorithms efficiently at runtime.

Create dormant scheduler hierarchy h2.

Assign all new task descriptors on tstream to h2.
Insert a marker thread into hl.

Await emergence of marker thread.

Awaken the dormant hierarchy h2.

[0183] SystemWeaver is designed to enable specialised
algorithms to be defined at silicon design time without
disruption to the architecture or implementation. However,
a number of algorithms are offered by default:

[0184] FIFO scheduling: simple first-in, first-out queu-
ing.

[0185] Priority scheduling: the most eligible candidate
has either the highest (ascending priority) or the lowest
(descending priority) priority metric.

[0186] Round robin: Updates the scheduling decision to
the next peer when a task is popped from the scheduling
hierarchy. Note that round-robin is not a relevant sched-
uling policy at the “leftmost” extreme of a scheduling
hierarchy.

[0187] Weighted fair queuing: A complex scheduler in
which eligible candidates are selected according to an
assigned weight and some measure of load (i.e. length
of packet).

[0188] With some attention to the overall scheduler hier-
archy, complex combinations of scheduler algorithms may
be created to provide sophisticated traffic and task manage-
ment capabilities in application systems.

[0189] Scheduling algorithms are further decomposed into
individual scheduling and metric operators, both defined
within the parent node:

[0190] Scheduling operators: define the manner in
which the operands, stored within the child nodes, are
used to determine the most eligible candidate. Sched-
uling operators do not modify the operands within the
child nodes.

0191] Metric operators: define the manner in which the
P

most eligible child’s operands are propagated into the

parent’s operands. The propagation operator may be

Amazon
Exhibit 1031
Page 056



US 2007/0220517 Al

null (no update to the parent), a copy (overwriting the
parent’s operands), or involve a mathematical

[0192] function over some or all of the child and parent
operands. In all cases, the child operands are not
changed.

[0193] The scheduling and metric operators are imple-
mented natively in the SystemWeaver scheduler hardware. A
combination of scheduling and metric operator will typically
be used to define a given scheduler algorithm. Scheduling
algorithms commonly imply different behaviour under a
push event (where a new task has been pushed into the
scheduler hierarchy) than under a pop event (where a task is
popped from the scheduling hierarchy). For example, con-
sider a FIFO scheduler, when a new task is pushed into a
non-empty FIFO scheduling stage, no scheduling update is
performed, whereas when an item is popped from a FIFO
scheduling stage, the scheduler must be updated.

[0194] Scheduling operators are designed to be extensible,
but a selection of default operators are defined. The sched-
uling operators are typically comparative and the result is
therefore always a Boolean. In the table below M represents
one of the two metrics in either the members of a scheduling
tier or the scheduling tier descriptor itself according to the
following scheme:

[0195] Mcurrentn refers to those metrics which belong
to the current most eligible candidate

[0196] Mcandidaten refers to those metrics which
belong to a candidate to which the current descriptor is
being compared in the course of a scheduling update

[0197] Mtiern refers to those metrics which belong to the
scheduler tier descriptor to which the current and candidate
are attached

TABLE 1

Scheduling Operators

Instruction Scheduler Update Decision
GTR Meurrent® > MeandidateO
GTR_EQ Meurren® >= Meandidate0

LESS Meurrent? < Meandidate
LESS_EQ Meurrent? <= Meandidate

EQ Meurrent® == Meandidate
UPDATE__EXIT TRUE

UPDATE__NO__EXIT TRUE

NO_UPDATE__EXIT FALSE

HYSTERESIS Meumend + Mierl) < Meangidated

[0198] Compound Scheduling Operators

[0199] Compound scheduling operators are also available,
which are combinations of the scheduling operators in Table
1. For example:

[0200] Update  Required=(McurrentO>Mcandidate0)
&& (Mcurrentl <Mcandidatel)

The parameters in question may draw upon the metrics in
both parent and child descriptors. These compound
operators may be used in both traditional scheduling
tiers and pool distribution tiers.

[0201] For further information and examples, consult the
Scheduling sequence diagrams section below.

10
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[0202] Metric Operators

[0203] Metric operators are arithmetic in nature. As with
scheduling operators, they are designed to be extensible but
have a set of default operators, see Table 2. Metric operators
range in complexity from null or simple copy operations to
complex multiply accumulate operations.

TABLE 2

Metric Operators

Scheduled Element Old Metric New Metric

Metrics Contents Contents

Instruction 0 1 0 1 0 1
ALL A B X Y A B
NONE A B X Y X Y
PROP_0 A B X Y A Y
PROP_ 1 A B X Y X B
PROP_WFQ A B X Y X+Y*B Y
ADD A B X Y X+A Y
SUB A B X Y X-A Y

[0204] Operands

[0205] Scheduling operands, or metrics are divided into
two groups:

[0206] Local metrics are associated with processing
resource instances, scheduler tiers and thread descrip-
tors. The manipulation of a local metric automatically
causes a reschedule event.

[0207] Global metrics are optional and typically asso-
ciated with system resource state (some heuristics such
as bus busyness or free memory)

[0208] A given scheduling algorithm can only use two
metrics of which one must be local. The type of the second
metric is determined by the MetriclIsGlobal flag:

[0209] when MetriclIsGlobal is reset, metric 1 is a local
and will be used as a literal in scheduling operations
when Metric1IsGlobal is set, metric 1 is an index into
the array of global metric ports.

[0210] Local Metrics

[0211] Both task descriptors and scheduling tier descrip-
tors contain two 32 bit operands, or scheduling metrics.
These operands are used by their respective parents during
scheduling operations and may be transformed and/or propa-
gated during the scheduling operations into the parent’s
operands, for subsequent scheduling higher in the hierarchy.

[0212] FIG. 9 shows the scheduling metrics present within
a task descriptor. Within a task descriptor, metric 0 will
typically be used to represent the priority of the task. The
least significant byte of this metric is reserved for internal
use within the SystemWeaver hardware and client software.
There is no such limitation on scheduler tier metrics.

[0213] Global Metrics

[0214] Global metrics are passive in nature, a change in
the global metric value does not cause a reschedule event on
all potentially affected scheduling resources. Global metrics
are interrogated at the instant in which a dependant sched-
uling resource is scheduled, as a result of some other system
event. Although the SystemWeaver architecture imposes no
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limitation on the use of global metrics, they may be used for
system heuristics (bus utilization, memory fill over a time
window etc), hence the rate of change will be comparatively
low. Filters may also be applied to average the data.

[0215] Scheduling Hierarchy Configuration Detail

[0216] All configuration diagrams referenced in the fol-
lowing sections use a common format as illustrated in FIG.
36.

[0217] The most basic configuration for a single processor
is shown in FIG. 10, this shows the configuration a single
processing resource instance (single dispatch node), with its
mandatory scheduling root node. In this simplest case the
scheduler cone consists of a single FIFO stage and the
distribution stage is null, since there is only a single pro-
cessor. Hence, the scheduler root node is both the entry node
and the distribution node.

[0218] Note that the arrows on the scheduler node imple-
mentations are shown from right to left (parent to child), this
is contrary to the “flow” of tasks, which flow from the
children through to the processing resource instances.

[0219] Schedulers are implemented in a modular fashion
and configured in volatile memory, this enables very sophis-
ticated scheduler hierarchies to be constructed from a suc-
cession of scheduler tiers of differing policies and tuned and
tailored throughout the development process. However,
invalid configurations are possible, and particular care must
be taken to ensure that appropriate metrics are available to
deeply nested scheduler tiers.

[0220] Intra-Tier Structure

[0221] The scheduling tiers store entries in order of
arrival, or, according to a default FIFO queuing policy. The
manner in which the defined scheduling policy is overlaid
onto this structure is described later. New nodes (or descrip-
tors) are added to the intra-tier structure by means of a push
operation, and are removed as a result of a pop operation.
Scheduling operations do not manipulate the intra-tier links.

[0222] FIG. 11 shows a more representative scheduling
structure for a single processing resource instance. From the
left, in this example two FIFO stages feed a priority stage.
There are three scheduling tiers at two stages of hierarchy.
Note that scheduling tiers only have one “exit” node (shown
on the right side of the diagram) but potentially many entry
nodes (shown on the left of the diagram).

[0223] FIG. 12 shows the detail view of one of the FIFO
scheduling tiers. This diagram shows a set of pointers
maintaining a dually linked list between all peers on the tier.
A dually linked list is used to maximize the performance of
the removal (pop) of an arbitrary member of the tier.

[0224] Although this detailed view shows task descriptors
only, the structure is equally applicable to tiers containing
any mix of threads and scheduling nodes. The intra-tier links
between peer elements are only manipulated during push
and pop operations.

[0225] Inter-Tier Structure

[0226] With the exception of pool root tiers, the structure
of inter-tier links is shown in FIG. 12. Each tier has a parent
node, which must be either a scheduler root node or a
scheduling node. These nodes store a pointer to the most
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eligible member of this tier. These child pointers are updated
upon receipt of a scheduling event in accordance with the
scheduling policy and metrics defined within the parent node
and the child nodes respectively. Each child node must also
refer to its parent.

[0227] Pool Root Tier Structure

[0228] The pool root tier structure is a special case where
a tier has a single entry node and many exit nodes. The entry
node is the point upon which a scheduling cone converges
(as shown by the “application scheduling” part of the ready
queue structure in FIG. 2), also known as the “distribution
node”. The “exit nodes” link the pool root tier to the
“distribution scheduling” structure for the processing
resource instances over which tasks may be distributed. FI1G.
13 shows a representation of this type of structure for a pool
containing two processing resource instances.

[0229] Each pool distribution tier must contain a pool root
node (PRN) and one or more pool static nodes (PSN), no
other node types are permitted. The PRN contains a refer-
ence to the first tier of the scheduling cone (stored within the
HeadIndex field) and reference to the first PSN entry to be
considered for distribution. A common distribution and
metric update policy must be stored within the scheduler and
metric push and pop operators respectively of every PSN.
Every PSN must reference the PRN as its child (using the
HeadIndex field).

[0230] The parent of a pool static node must be a pool
attachment node (PAN). PANs and PSNs must have a one to
one mapping. However, each processing resource instance
may have multiple PANs associated with each distribution
pool in which it participates. FIG. 14 shows an example
structure where a processing resource participates in two
pools. No limitation is placed on the number of pool in
which a given processing resource may be a member.
Furthermore, any pool may share an arbitrary number of its
constituent processing resources with an arbitrary number of
other pools.

[0231] Within the scheduling root node there are two
PANSs associated with each of the distribution cones in which
the processing resource instance participates. In addition,
there is a scheduling node which provides specific access to
the processing resource instance where required.

[0232] The scheduling policy defined within each PSN of
a pool distribution tier identifies the manner in which the
most eligible processing resource instance for execution of
a given task is selected. For example, the policy may be one
of priority, where the processing resource instance currently
executing the lowest priority task is selected for pre-emption
upon the arrival of a high priority task from the associated
scheduling cone.

[0233] FIG. 15 shows a configuration comprising five
processing resource instances and two distribution pools.
Note that PRI#3 participates in both pools.

[0234] Behavior

[0235] The following section describes the behaviour of
SystemWeaver scheduling.

[0236] General Principles

[0237] The following sections provide some basic back-
ground information explaining some of the key underlying
principles of the SystemWeaver scheduling architecture.
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[0238] Pointer-Based Queuing

[0239] Although there are multiple potential queuing
points within SystemWeaver, elaborated in FIG. 2, these are
realised using pointers only. The queued entity, a System-
Weaver memory element (WME), is never copied.

[0240] Event-Based Scheduling

[0241] SystemWeaver only updates scheduling decisions
when required to do so by some change in system state. The
changes in state may be separated into three event classes:

[0242] A “push event”, where the change in system
state has caused the introduction of a new thread
descriptor to the ready queue structure (note that this
may be a new thread descriptor, or an existing thread
descriptor for which the change in system state has
caused the thread to become ready)

[0243] A “pop event”, where the change in system state
has resulted in the removal of a thread descriptor from
the ready queue structure.

[0244] An “update event”, where scheduling param-
eters have been modified, requiring the re-evaluation of
the scheduling decision.

[0245] These changes may be:

[0246] An interrupt (a “push event”, since the blocked
thread associated with the interrupt is moved to the
ready state).

[0247] The arrival of a new task created by an executing
task (this may be a push event, if the new task is not
dependant on other factors or events)

[0248] A synchronisation event—for example, a sema-
phore signal (assuming that there is a thread blocked
waiting for the signal, this is a “push event”, as the
blocked thread descriptor transitions into the ready
state.

[0249] A change in the executing “priority” of a task, an
“update event”.

[0250] The consumption of a task (transition from ready
to executing) within a processing resource instance (a
“pop event”)

[0251] The modification of a task’s scheduling metrics
(an “update event™)

[0252] The modification of a scheduler tier’s scheduling
algorithm or metrics (an “update event”)

[0253] The modification of the scheduler hierarchy
itself (an “update event™)

[0254] Where the system is in steady state SystemWeaver
remains idle. In principle, in the most power-efficient solu-
tions, this could enable System Weaver to be powered-down
pending the arrival of an event requiring additional sched-
uling. Note that changes to global metrics do not cause
reschedule events.

[0255]

[0256] New entries, which are queued to a given sched-
uling tier, are compared with the current most eligible entry
(as identified by the parent HeadIndex) only. If, according to
the tier scheduling policy, they are more eligible than the

“Just-In-Time” Scheduling
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current head, the HeadIndex field is updated to reference the
new entry. New entries are always placed at the back of the
current linked list structure.

[0257] 1If the scheduling policy is a FIFO, the HeadIndex
pointer is never updated when a new entry arrives unless the
queue is empty. Hence the default behaviour, where the new
entry is placed at the back of the queue, is equivalent to a
FIFO algorithm.

[0258] This scheme ensures that minimal time is spent
processing push operations, which are generally observed as
latency in scheduling performance. Consequently, pop
scheduling is more onerous as, in the worst case, the entire
contents of a scheduling tier must be evaluated to update the
scheduling decision on each pop operation. However,
always using a native FIFO algorithm in the physical queue
structure is desirable because modification of the scheduling
algorithm does not require the scheduler tier to be re-linked.
Furthermore, pop scheduling may, in general, be executed in
parallel with application execution and therefore has a lesser
impact on overall system performance.

[0259] Scheduling Analysis, Policies and Operators

[0260] There are numerous methods of analyzing systems
to ensure that real-time deadlines are met, examples of
which are EDF (earliest deadline first), RMS (Rate mono-
tonic scheduling) and various other stochastic methodolo-
gies. These approaches tend to be application specific and
possibly proprietary in nature. However, in all cases the
result of such scheduling analysis is a set of scheduling
policies (i.e. priority, FIFO, round-robin, weighted fair
queuing), which must be deployed efficiently at runtime.
SystemWeaver technology is targeted at the efficient runtime
execution of the policies identified by scheduling analysis.
For deployment within SystemWeaver, each scheduling
policy is further decoded into a set of scheduling operators.

[0261] Each scheduler tier has two operators that are used
to determine how the scheduling decision is updated as a
result of a push to the scheduling tier (or subordinate
scheduling tiers), or a pop from the scheduling tier (or
subordinate scheduling tiers). In some cases the scheduling
operators will require operands, which are stored within the
metric fields of both schedulers and task descriptors alike.

[0262] Scheduling Metrics and Metric Propagation Opera-
tors

[0263] Scheduling metrics store information that may be
required by the selected scheduling algorithms, the most
basic example of which is priority. In some cases, it is
necessary to forward metrics from the most eligible candi-
date to parent nodes in order that the information may be
used either directly in subsequent scheduling decisions, or as
an operand in a metric update operation. The metric propa-
gation operators define how this is achieved, for both push
and pop scenarios.

[0264] According to the position of the scheduling node
within the hierarchy, the metric fields may also reflect the
priority of the currently executing thread on a given pro-
cessing resource. In this case, they are used to determine
whether a pre-emption is required (see the Scheduling
Behaviour section below).
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[0265] Scheduling Resources

[0266] The following section describes the various
resources used to implement the scheduling algorithms at
runtime.

[0267] Tiers
[0268] Scheduler Tiers

[0269] A scheduler tier consists of a parent, which may be
a scheduler root node, a pool root node or a basic scheduling
node and a number of children, FIG. 6. The children may be
basic scheduling nodes, thread or task descriptors or pool
attachment nodes. By enabling child nodes to be scheduling
nodes (i.e. the parent node of further scheduler tiers) in their
own right, complex scheduler hierarchies may be built up.

[0270] Pool Distribution Tiers

[0271] Pool distribution tiers may contain only pool root
nodes (1 only) and pool static nodes. There is only one pool
root node per processing class.

[0272] Dispatch Queue Descriptor

[0273] Scheduler operators: used to define the schedul-
ing policy that determines whether the currently
executing task should be pre-empted.

[0274] Metric propagation operators: there are no met-
ric propagation operators in a dispatch queue descriptor

[0275] Metrics: the metric elements normally store the
metrics of the currently executing thread.

[0276] Scheduler and Pool Root Nodes

[0277] Scheduler operators: used to determine the most
eligible candidate of the scheduling cone.

[0278] Metric propagation operators: these are always
set to inherit the metrics of the most eligible candidate
of the scheduling cone.

[0279] Metrics: Hold the metrics of the currently most
eligible candidate of the scheduling cone.

[0280] Scheduler Tier Element

[0281] Scheduler operators: used to determine the most
eligible child candidate from the attached tier.

[0282] Metric propagation operators: user defined. Set
according to the needs of subsequent scheduling stages.

[0283] Metrics: user defined. Set according to the needs
of subsequent scheduling stages. Note that some metric
propagation operators will update these fields automati-
cally.

[0284] Pool Static Nodes

[0285] Scheduler operators: used to determine the most
eligible candidate for pre-emption in a pool distribution
tier.

[0286] Metric propagation operators: used to determine
the propagation of the executing task metrics.

[0287] Metrics: Set according to the needs of the pool
distribution algorithm. By default these will reflect the
metrics of the currently executing thread, however, for
certain distribution strategies a static allocation may be
required.
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[0288] Pool Attachment Nodes
[0289] Scheduler operators: not used.

etric propagation operators: used to control the
0290] Metric propagation op d 1 th
propagation of the most eligible task metrics.

[0291] Metrics: used to store the metrics of the most
eligible task of the scheduling cone attached to the
associated pool root node.

[0292] Thread Element

[0293] Metrics: used to convey information directly
about the eligibility of the task for scheduling or from
which a scheduler may calculate the eligibility.

[0294] Scheduling Behavior

[0295] The scheduling operation is split into two sub-
categories:

[0296] Standard tier scheduling, where one or more
entries within a scheduler tier compete to be the most
eligible entry within a tier.

[0297] pool distribution scheduling—identifying which
of a selection of processing resource instances should
be interrupted.

[0298] No scheduling activity takes place unless a sched-
uling event is received.

[0299] Scheduling Push and Pop Events

[0300] As stated previously, changes in system state may
cause a “push event” or a “pop event”—these events cause
a reschedule to takes place. All scheduling operations are
work conserving. Only parts of the scheduling hierarchy that
could conceivably be affected by a given event are re-
evaluated, these are said to exist within the rescheduling
scope. FIG. 17 shows the rescheduling scope for a event on
a basic scheduling hierarchy, FIG. 18 shows the reschedul-
ing scope for a simple two instance processing resource
pool.

[0301] Tier Scheduling

[0302] Tier scheduling is the most basic building block of
the System Weaver scheduling algorithm. A scheduling event
may cause a succession of tier scheduling operations as
defined by the user configurable scheduling hierarchy. The
result of each tier scheduling operation is the update of the
parent scheduler (either a scheduling node or a scheduler
root node) Headlndex pointer. The metrics of the parent
scheduler may also be updated according to the defined
metric propagation algorithm.

[0303] In principle, tier scheduling starts at the current
HeadIndex and iterates around the members of the scheduler
tier (Although in practice, to minimize latency, push opera-
tions only update the scheduling decision against the current
head pointer) establishing whether an update to the Head-
Index is required according to:

[0304] The event, which may be either a push or a pop
operation

[0305] The scheduling algorithm associated with the
event type (push or pop)

[0306] The metrics of the tier members
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[0307] If a more eligible entry is found, the HeadIndex is
updated accordingly. Several special cases are observed
which refine the behavior of the scheduling operation. In all
cases dormant scheduler tiers are ignored in the scheduling
operation.

[0308] At all times each scheduling node must be aware of
the number of thread or task descriptors that exist in its child
hierarchy to ensure that key fill parameters are maintained.
However, it is not always necessary to fully schedule each
tier—a flag is maintained which identifies where the imme-
diate downstream reschedule operation has caused a sched-
uling decision update—if it has, the parent tier must also be
fully evaluated, if it has not, there is no further need to
reschedule the remaining upstream scheduler hierarchy
(although certain other state updates are required).

[0309] The last operation in any reschedule is to determine
whether the most eligible ready task should be allowed to
pre-empt the currently executing task on a given PRI. The
dispatch queue descriptor contains both a scheduling algo-
rithm and the currently running tasks’ metrics—these can be
evaluated against the scheduler root node metrics, which
contain a copy of the most eligible thread metrics from the
scheduling cone.

[0310] Pool Distribution Scheduling

[0311] Pool distribution scheduling only takes place
within pool distribution tiers. Whereas basic tier scheduling
seeks to find the most eligible thread/task candidate for
execution, pool distribution scheduling seeks to find the
most eligible processing resource instance candidate for
pre-emption. Typically this means identifying the processing
resource instance running the task with the lowest eligibility
of the pool of resources and comparing that with the metrics
of the most eligible ‘ready’ task from the attached schedul-
ing cone.

[0312] Where the most eligible ready task is of lower
eligibility than all the running tasks, the remaining distri-
bution cone on every attached processing resource instance
is updated to ensure that each all scheduling tiers remain
aware of the total number of accessible downstream tasks,
however, no further scheduling is necessary. Where a pre-
emption candidate is identified, the scheduling update
propagates towards that processing resource instance only.

[0313] FIG. 20 shows a sequence diagram for the resched-
uling which occurs as a result of the push event shown in
FIG. 18. A basic tier scheduling operation takes place at the
pool root tier (tier #6) followed by a pool distribution
scheduling operation. In this example node 5 was selected as
eligible for pre-emption, hence the tier scheduling operation
in tier #1 is executed. The subsequent dispatch tier sched-
uling operation results in a pre-emption to the attached
processing resource instance. Thereafter tier #2 is also
updated to ensure that its count of downstream task/threads
is maintained.

[0314] Co-Operative and Pre-Emptive Scheduling

[0315] Pre-emptive scheduling enables the currently
executing task to be asynchronously interrupted by a more
eligible (higher priority) task. Pre-emption makes certain
demands of the executing processing resource and context,
for example, the ability to store state and resume once the
pre-empter has left the resource. Typically pre-emptable
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tasks or threads will retain the same scheduling eligibility
through the ready and executing states.

[0316] In contrast, co-operative threads only yield upon
completion, for which a higher priority task must wait. In the
SystemWeaver task management solution, co-operative
threads maximize their eligibility when they enter into the
executing state, thereby precluding the existence of a higher
priority task and the potential consequent pre-emption.

[0317] Metric Propagation Behavior

[0318] Metric propagation can be caused by either sched-
uling events or modifications in the metrics of the executing
task or thread.

[0319] Scheduling Event Metric Propagation

[0320] When the HeadIndex of the parent to a scheduling
tier is updated as a result of a scheduling event, the metrics
are propagated, from the most eligible child metrics into the
parent metrics, according to defined metric propagation
operators in the parent tier. These are dependant on the
nature of the operation (push or pop event) and range in
complexity from a simple copy to a multiply-accumulate.

[0321] Executing Thread Metric Propagation

[0322] The metrics of the currently executing thread may
be modified dynamically. This may be used to obviate
priority inversion conditions on locked resources. Where the
executing processing resource instance is not participating in
a distribution cone, only the dispatch queue descriptor
metrics are updated. In the case of a distribution pool, the
executing metrics are propagated to the pool static nodes
associated with the processing resource instance (FIG. 21).
The update of the PSN metrics are controlled by the metric
propagation operators held within the PSNs themselves. In
certain scheduling scenarios, static values must be persistent
within pool static nodes.

[0323] In both cases a rescheduling event is instigated to
ensure that the new executing metrics do not cause a change
in the comparative eligibility of the executing and ready
tasks. In the non-pool case, this is simply a reschedule of the
scheduler root node metrics with respect to the new execut-
ing metrics. In the pooled case, the pool distribution tier, and
all subsequent tiers, must be re-evaluated.

[0324] Idle Handling

[0325] When a processing resource instance enters the idle
state, it uses the executing metrics to inform the scheduling
structure. In essence, an idle processing resource instance is
one which is “executing” the lowest possible priority task,
and will therefore be pre-empted by the arrival of any task.
The setting of the executing metrics to the idle value
instigates a re-scheduling event in the usual way, thereby
causing a “pre-emption” of the idle task by tasks waiting in
the ready state structure for this processing resource
instance.

[0326] For a more detailed description about the “idle
task” and its impact on power management in processing
resource pools, see section power management in pool
scenarios section below.

[0327] Advanced Scheduling Modes

[0328] Several advanced modes and behaviors are capable
either inherently or by adopting certain SystemWeaver con-
figurations. The following modes are described in the fol-
lowing section.
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[0329] Note that this is not an exhaustive list of available
scheduling modes within SystemWeaver.

[0330] Timeslicing

[0331] Although SystemWeaver systems are principally
event driven, traditional timer based systems, such as
timeslicing, are available. Time-sliced tasks share a process-
ing resource according to individual time slices periods,
which determine the interval during which a task may
occupy a processing resource (assuming no pre-empting
tasks become ready during this interval). Time-sliced tasks
exhibit a slightly modified “running” behavior to ordinary
tasks (shown in FIG. 1). FIG. 22 shows the two parts of the
running state; normal and deprecated.

[0332] This section describes the behavior of Timeslice
tasks, together with the rules which must be observed when
configuring them.

[0333] SystemWeaver Core Resources

[0334] The following section discusses the resources used
to implement the Timeslice feature within the System-
Weaver server core.

[0335] Counters

[0336] A per-processing resource instance counter is used
within the SystemWeaver core to facilitate Timeslice behav-
iour. A single pre-scaler is also provisioned, which is fed by
the system clock. The bit resolution of the pre-scaler is set
at chip design time.

[0337] Timeslice Status Indicator

[0338] A status bit within the per-processing resource
instance interrupt status register is set aside for Timeslice
behaviour. This status bit registers the expiry of the
Timeslice counter and may be used by software to determine
whether a Timeslice event has taken place.

[0339] Configuration

[0340] All tasks within a Timeslice group must share the
same priority and the same parent-scheduling tier, further-
more, Timeslice tasks should not share scheduling tiers with
other non Timeslice tasks. The scheduling algorithm of the
Timeslice parent should be set to FIFO. FIG. 23 shows a
typical timeslice configuration, where a Timeslice group
operates in the background with a group of foreground,
event driven tasks, taking priority as and when they require
service.

[0341] Behavior

[0342] When a Timeslice task first commences execution,
a system-wide Timeslice value is copied into the Timeslice
counter associated with the processing resource instance.
The Timeslice task is said to enter its ‘normal’ running state
(FIG. 24). In the normal state, each cycle decrements this
counter. Upon reaching 0, the executing priority of the task
(stored within the dispatch queue descriptor) is automati-
cally decremented by the hardware and the task enters the
‘deprecated’ state. At this point the timeslice interval counter
switches over to the traditional watchdog mode.

[0343] In the case of a single processing resource instance
serving a number of Timeslice tasks, the act of decrementing
the executing priority (with the associated reschedule opera-
tion) will cause a pre-emption by another member of the

Sep. 20, 2007

Timeslice group within the ready state structure. By inter-
rogating the timeslice status bit the software client can
determine that the timeslice duration has expired and push
the, now preempted, task to the back of the FIFO queue.
Hence the group obeys the configured Timeslice rules whilst
largely maintaining the normal operating mode of System-
Weaver core scheduling and client behavior.

[0344] When a timeslice task is pre-empted by a non-
timeslice task, whilst in the ‘normal’ timeslice state, the
outstanding timeslice duration is copied into the task control
block. The task is then pushed back into the Timeslice group
at the head of the FIFO queue. When any pre-empting task
processing is complete, the timeslice tasks are resumed with
the remaining Timeslice of the pre-empted task being re-
instated to the Timeslice counter.

[0345] When a timeslice task is pre-empted in the ‘dep-
recated’ state, it is pushed back to the tail of the timeslice
group FIFO queue. In both cases the priority metric of the
timeslice tasks remain at their original configured value.

[0346] Where a Timeslice group is served by a pool of
processing resource instances (assuming no pre-empting
tasks), entry into the ‘deprecated’ state may not necessarily
cause an immediate switch to another Timeslice group
member. Note the following observations:

T,=(t*d)/p where (1=p=t)
[0347]  T,eeq,=T,-d

ready

[0348] T, The period of a full rotation of a timeslice
group (executing each member task once).

[0349] T,.., The amount of time per cycle during

which a given task is waiting in the ready state.

[0350] t The number of Timeslice tasks

[0351] p The number of processing resource instances
in the pool

[0352] d The duration of each Timeslice interval

[0353] Note that, when p=t, in the absence of any other
pre-empting tasks, the Timeslice tasks run continually.

[0354] Execution Profiles

[0355] The following execution profiles illustrate System-
Weaver timeslice behavior.

[0356] FIG. 25 shows the classical case with a single
processor and three timeslice tasks. They each timeshare
according to the timeslice interval until a pre-empting task
arrives at which point the timeslice task (number 2 in this
case) yields. Upon completion of the high priority preempt-
ing task, the original timeslice task resumes to complete the
interrupted interval.

[0357] FIG. 26 shows the same scenario with two proces-
sors. Initially the three timeslice tasks are shared amongst
the two processors. When the pre-emption arrives, the
timeslice tasks share the remaining processor and, upon
completion of the pre-emption task, they resume execution
on two.

[0358] FIG. 27 demonstrates that, when the number of
available processing resources equals the number of
timeslice tasks, each timeslice task runs continuously on one
of the processors. When a high priority task takes control of
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one of the processors the timeslice group automatically
share the remaining processors according to the defined
timeslice interval.

[0359] Power Management in Pool Scenarios

[0360] The default behavior of a processing resource pool
is to evaluate a scheduling decision from the first pool static
node within a distribution tier. The pool root node (PRN) has
a parent pointer which ordinarily points to the first pool
static node (PSN) in a distribution tier (FIG. 28). When
evaluating a candidate for pre-emption, the comparisons
start from this entry and progress around the list using the
peer pointers.

[0361] If all static nodes are of the same eligibility, and
that eligibility is lower than the candidate from the sched-
uling cone, the first node encountered will be chosen. Hence,
in low load scenarios, where one or more of the processors
is idle (having set their metrics to the idle value), the
processing resource instances nearest the parent pointer of
the PRN will be favored for processing new tasks and
processing resources furthest from the parent pointer will
exhibit long idle periods.

[0362] This behavior is useful when the processing
resource instance or macro-architecture has the ability to
modulate power consumption (i.e. by clock-gating, voltage/
frequency modulation, power isolation etc). These features
may be leveraged by adding appropriate driver code to the
software client shim.

[0363] Different power saving measures tend to exhibit
differing impacts when the processing resource must re-
awaken—for example, clock gating may maintain all state
within a micro-architecture whereas aggressive voltage/
frequency scaling may sacrifice all existing state and exhibit
undesirable in-rush currents when re-awakened. In cases
where a given PRI has many power-down options of dif-
fering costs, and with the scheduling behavior described
above, it makes sense to manage their usage according to the
time spent idle.

[0364] The “idle’ state can be split into multiple sub-states
according to the capabilities of the processing resource
instance and system macro-architecture. It is likely that it
will be more costly to restart from some states than others
(for example contrast a state retaining clock-gating power-
down with a power isolated state). To support these sce-
narios SystemWeaver supports multiple idle priorities.

[0365] For those processing resources with multiple sub-
states, interrupt response may be to transition steadily back
into the idle state before thread execution resumes. This
permits gradual re-introduction of a processing resource into
the active set of a given distribution.

EXAMPLE

[0366] FIG. 29 shows the “executing priority” of a pro-
cessing resource instance (PRI) as time passes in an idle
state using ascending priority. In the first instance, the idle
task sets the priority to its lowest possible setting, giving the
PRI the highest possible chance, when compared to its
distribution pool peers, of a task assignment from the
scheduler.

[0367] After time the idle task invokes a power down
mode, perhaps supported within the processing resource
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micro-architecture. At this point the idle task increases the
executing priority of the PRI to reduce the likelihood of a
task assignment (PRIs in the previous state will take prece-
dence).

[0368] Similarly after another period, the idle task (or
some other agent), increases the executing priority still
further, (perhaps isolating the power to the PRI— thereby
eliminating static leakage). The modulation of the priority
makes the PRI’s eligibility for a task allocation still lower—
consistent with the cost (in this case in-rush current, cold
cache effects etc) of re-awakening this processing resource.

[0369] The favored pre-emption of the first entry in a
distribution tier is sometimes undesirable. Where this is the
case, a different behavior may be selected where the previ-
ous scheduling decision becomes the new starting point for
subsequent scheduling operations. This selection exhibits a
more fair distribution of high priority pre-emption tasks
amongst processing resource instances within a distribution
pool.

[0370] Hysteresis-Based Scheduling

[0371] In some cases it is desirable to maintain a sched-
uling decision regardless of its ongoing absolute correctness.
Generally this is where the cost of establishing a context for
a particular class of task or dataset is high and therefore
should be aggregated over multiple tasks where allowable.
Examples where this is the case include:

[0372] Processor caches—a cache memory which has
been populated for a historical algorithm or dataset will
show poor affinity with a disparate algorithm and/or
dataset. This is referred to as a cold cache effect and
exhibits a high cache miss ratio and consequently poor
performance.

[0373] Reconfigurable FPGA partitions—Partial runt-
ime reconfigurability enables a portion of the FPGA to
be dynamically reconfigured whilst the chip is
deployed and operational, enabling the execution of
different algorithms over time. However, the cost of
switching from one algorithm to another is high and
must be aggregated over larger datasets to ensure
system efficiency.

[0374] Both of these are examples of costly context
switches.

[0375] Hysteresis based scheduling may be used to avoid
some of the ill effects by aggregating the cost of context
switches across multiple user operations. By using one of the
metrics to represent a ‘system cost’ parameter, hysteresis
based scheduling can be enabled. The hysteresis metric may
be based on numerous measures of cost within the system:

[0376] Task memory occupancy: where memory is at a
premium, the accumulated footprint of a given task
queue may be used to determine when to schedule the
new configuration.

[0377] Processing requirement: where it is desirable to
aggregate the cost of a context switch over a substantial
“active processing” period.

[0378] Timeslice: where jitter on latency is important.

[0379] For example, in the case of a dynamically recon-
figured FPGA, a memory may be accumulating work for
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each of the algorithm contexts multiplexed on a single
portion of reconfigurable fabric—in this case the memory
occupancy may be a factor in deciding when to reprogram
the array. In all cases it is possible that a scheduler hierarchy
will be designed to accommodate forced switches due to the
arrival of high priority tasks.

[0380] The key system level challenges are summarized
below:

[0381] The impact of the cost of a context switch (time
to switch, inrush current)

[0382] The timing of the switch

[0383] How to manage the accumulation of work for a
given context whilst it is not active.

[0384] The following sections describe possible
approaches to managing dynamic FPGA reconfiguration
using SystemWeaver. Management of cold caches can be
achieved using similar scheduling techniques and simpler
software client shim behavior.

[0385] FPGA Runtime Reconfiguration

[0386] Although there are very strong analogues with
processor context switching, a couple of (re) definitions are
required:

[0387] Configuration—one of a suite of programming
variants which may be targeted at a given portion of the
FPGA fabric.

[0388] Context switch—the act of changing the con-
figuration of a reconfigurable portion of the FPGA.

[0389] Task—a single unit of work carried out by a
given FPGA configuration.

[0390] In this proposal configurations targeted at the
reconfigurable portion of the FPGA are regarded as coop-
erative (as opposed to pre-emptive), that is to say that
individual tasks are indivisible and must complete before a
context switch can take place. This ensures that tasks need
not be re-entrant and bounds the problem of state retention
between contexts to one where the number of tasks awaiting
a particular configuration must be an integer value. A logical
view of the management of outstanding tasks is shown in
FIG. 30:

[0391] Tasks are organized into queues. These queues
exist in perpetuity; in particular, they accumulate work for
FPGA configurations which are not currently active. The
scheduler determines when to switch tasks and manages the
order of execution of tasks within a task group. The recon-
figuration support logic manages the mechanics of repro-
gramming the fabric and signalling when it is complete.
According to the cooperative nature of this model, there is
no data that requires retention within the fabric when a
context switch is scheduled.

[0392] The Scheduler
[0393] The scheduler performs two distinct functions:

[0394] Tt continuously evaluates the current scheduling
decision according to the changing state of the task
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[0396] Each and every task arrival causes an update of the
scheduling decision to ensure that the FPGA fabric is in the
correct state at all times (greedy scheduling). Within the task
queues the scheduler mandates the order of execution
according to attributes defined by the system architect. As a
minimum the scheduler should provide FIFO, round robin
and priority policies.

[0397] Reconfiguration Management
Weaver

Using System-

[0398] The SystemWeaver solution provides a rich set of
scheduling and interprocessor communications capability
which can be deployed to manage runtime parallel execution
and interprocess communication. The features of System-
Weaver may efficiently manage tasks and context switches
within traditional instruction set architectures, fixed hard-
ware elements and reconfigurable FPGA blocks alike. An
example architecture is shown in FIG. 31:

[0399] SystemWeaver handles the management of sched-
uling of FPGA fabric context switchs and the ordering of
tasks within the individual tasks queue. Naturally, this is in
addition to scheduling more traditional tasks to the fixed
configuration elements within the platform.

[0400] The reconfiguration itself is handled with a par-
ticular System Weaver hardware client shim. Note that simi-
lar scheduling techniques to manage cache “warmth” place
no additional requirements on the standard client shim. Each
scheduled task control block received by the client shim is
compared with the existing configuration of the fabric. If the
currently loaded configuration and the scheduled task’s
configuration differ, the client shim reconfigures the fabric
without further interaction with the System Weaver core. The
fabric update decision, then, is exclusively under the control
of the output ordering of tasks, as dictated by the scheduler.
The client shim can be re-designed to accommodate dis-
similar reconfiguration strategies.

[0401] The Scheduling Policy

[0402] The scheduling policy should be determined by the
system designer. However, there are key capabilities which
must be available to support this feature. In particular, it
should be possible for scheduling algorithms to exhibit
hysteresis, i.e. to stick on a scheduling decision until a
sufficient cost has accumulated elsewhere to warrant a
switch to an alternative decision.

[0403] In the example shown, each “task” has a randomly
generated metric which is added to the accumulated metrics
representing the task group. When a given task group is
served the “pop” operation, which removes a task from the
queue, decrements this accumulated count.

[0404] When a “push” (a new task arriving) or a “pop”
operation occurs the fabric scheduler evaluates each candi-
date against the metrics of the currently executing task
group. According to the algorithm given in FIG. 32:

Update Required=(C

[0405] C_, 4igae The accumulated cost of the tasks
within the candidate scheduling tier.

[0406] C

>CrentHHYSEETESIS)

candidate!

The accumulated costs of the outstanding

current

queues. tasks within the currently selected scheduling tier.
[0395] It manages the execution order of tasks within an [0407] Hysteresis The hysteresis added to avoid context
individual task queue. thrashing.
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[0408] FIG. 33 shows a scheduling hierarchy which could
be chosen to implement the algorithm described above. In
this case metric 1 of the “hysteresis scheduler” stores the
hysteresis operand. Metric 0 may be used to store the static
priority of the hysteresis group, this priority is used when
scheduling between the hysteresis group and the pre-empter
group. The assumption is that there are some tasks which are
of sufficient priority to force a context change.

[0409] Results

[0410] FIG. 32 shows the conceptual effect of such a
system. The task scheduling output is deliberately blocky in
nature, which gains maximum use of any given configura-
tion whilst managing the impact on system traffic shaping.

[0411] FIG. 34 shows the results of a simulation of the
presented scheduling algorithm. The accumulated “cost” of
tasks awaiting each of four configurations are plotted along
with the overall sum of all the costs (“cumulative”). The
selection trace indicates which of the available configura-
tions will be selected by the algorithm.

[0412] Compound Scheduling Algorithm Example

[0413] Compound scheduling operators are useful, for
example, when scheduling processing resource pools in pool
distribution tiers. For example, perhaps a subset of the
members should only be eligible when the queue fill of tasks
awaiting processing exceeds a certain threshold.

[0414] Consider the case where three processing resources
are available; 1 RISC processor and two DSPs (FIG. 35).
Each of these resources is theoretically capable of perform-
ing a speech encoding operation, but the DSP devices are
more efficient. In this case, the RISC processor would be
present in the speech encoding pool, as shown, but its
eligibility to participate in the execution would depend upon
the depth of the queue of tasks waiting for the function.

[0415] In such a configuration, the pool root node metric
0 might represent priority whilst metric 1 might represent
queue fill. In each of the candidate PSNs, metric 0 will
normally represent the executing priority of the tasks run-
ning on their respective processing resource instances
(PRIs). In this case metric 1 will represent the queue fill
required to make their associated PRI eligible for schedul-
ing. In this case the compound scheduling algorithm is:

Update Required=(McurrentO>Mcandidate0) &&

(Mcurrentl >Mcandidatel)
[0416] In the PSNs associated with the DSP devices, M1
will be set to 0, therefore the algorithm is purely determined
on the basis of priority. In the case of the RISC processor,
M1 will be non-zero, hence the queue fill, represented by
Mcurrent] must have grown to exceed this value for the
RISC processor to participate in the execution of the algo-
rithm.

[0417] The following describes the SystemWeaver server
at a macro-architectural, or transactional, level. As men-
tioned previously, there are four elements to the System-
Weaver hardware solution:
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[0422] Global metric agents are optional and are used
when the system design requires the inclusion of system
global state in the scheduling decision.

[0423] Primary Connection Groups

[0424] FIG. 38 shows the interface groups found on the
core periphery.

[0425] To ensure that the SystemWeaver core may be
easily integrated all signals are unidirectional and synchro-
nous to a single clock. Details of the constituent members of
these groups are given below. All signal directions are given
with respect to the SystemWeaver core.

[0426] System Control Group

[0427] The system control group contains the miscella-
neous signals required to ensure the correct operation of the
SystemWeaver core. These include system clock, real time
clock and reset signals.

[0428] Global metric group

[0429] In some systems it is desirable that certain system
metrics are used during the scheduling decisions. These
metrics may represent various factors, such as interconnect
busyness, cache hit ratio, memory occupancy etc,

[0430] Peripheral Interrupt Group

[0431] The peripheral interrupt group consists of a group
of interrupts sourced from outside the SystemWeaver con-
trolled system. Signals in the peripheral interrupt group may
be driven from, for example, input interfaces with the
outside world or directly from outside the SoC device via
pins. The number of peripheral interrupt inputs is defined at
SoC design-time.

[0432]

[0433] The internal group consists of two groups of syn-
chronous interrupts sourced by the SystemWeaver system
and a single group of runtime system debug signals. The
number of each signal within a signal group will typically
correspond with the number of processing resources within
the system and will be defined at SoC design-time.

Internal Interrupt Group

[0434] Tightly Coupled Memory Interface Group

[0435] This group interfaces SystemWeaver to its own
private tightly coupled memory resource. The attached
memory is assumed to be a synchronous SRAM device. The
width of the address path, n, and the width of the datapath,
m, are defined at SoC design-time.

[0436]

[0437] The individual interconnect strategy, including
protocol and number of layers, must be set at SoC design
time. The details of any given bus interface signals may be
found in the corresponding bus-specific implementation.

[0438] Debug Interface Group

[0439] For details of the interfaces to the debug manager
please consult co-pending International PCT Application
No. PCT/GB2005/003525, which is herein incorporated by

Interconnect Group

[0418] the SystemWeaver server core
reference.
[0419] the SystemWeaver tightly coupled memory [0440] Tightly Coupled Memory (TCM)
[0420] * the SystemWeaver debug manager [0441] SystemWeaver TCM is a standard compiler
[0421] the SystemWeaver client shims SSRAM technology supplied by numerous EDA vendors.
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The TCM contains an integer number of SystemWeaver
Memory Elements (WMESs) as defined at SoC design time
according to the needs of the application. Each WME
consumes 256 bits of memory space. SystemWeaver sup-
ports a maximum of 65536 WMEs, or a 16 Mb memory.

[0442] Although queue descriptors do consume WMEs, in
a typical system the number of WMEs required would be
dominated by thread support requirements. For example, a
system capable of supporting 400 threads simultaneously
within the SystemWeaver server would require approxi-
mately 128 kb of attached memory. At SoC design-time, the
memory interfaces can be modified to simplify routing.

[0443] Server Core Sub-Block Description

[0444] The main logical components of the SystemWeaver
server entity are shown in FIG. 39. These functions are
mapped onto the architecture shown in FIG. 40. The func-
tionality is split amongst four primary internal parallel
processing elements, performing the following functions:

[0445] Thread Scheduler Input Manager (TSIM): Free
list maintenance, WME recovery.

[0446] Thread Scheduler Pending Manager (TSPM):
Pending list maintenance, synchronization, promotion
to Ready queue structures. The Thread Synchronization
manager maintains the integrity of the pending queue
structures (insertion and extraction).

[0447] Thread Scheduler Output Manager (TSOM):
Ready queue maintenance, dispatch queue mainte-
nance, processing resource power management, inter-
rupt generation. Maintenance of integrity of the ready
queue structures (insertion and extraction)

[0448] Thread Scheduler Schedule Manager (TSSM):
Maintenance of scheduling decisions for each process-
ing resource within the ready queue structure.

[0449] Additionally a number of blocks provide support
functions:

[0450] Thread Scheduler Memory Manager (TSMM):
Aggregate access to the attached SystemWeaver
memory, including mutual exclusivity and locking.

[0451] Thread Scheduler Interrupt Manager (TSIC):
Convert incoming system interrupts to internal syn-
chronization primitives.

[0452] Thread Scheduler Interface Manager (TSIF):
Providing interconnect interfacing and configuration
and run-time access to SystemWeaver resources.

[0453] FIG. 40 shows the principle sub-blocks of the
SystemWeaver architecture. The following sections elabo-
rate the intra-subblock interaction between these compo-
nents. Each sub-block presents a set of “public methods™ to
other sub-blocks, enabling each to instruct its peers to
execute manipulations on their respective maintained struc-
tures. Where a command may complete with particular
conditions, status flags are administered within the sub-
block. Arrow directions on sub-block interface diagrams
indicate master-ship of the bus and are no reflection on the
direction of individual elements of the signal group.
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[0454] Stateful Descriptor Behavior

[0455] Numerous descriptor types are used during the
operation of SystemWeaver (for further details see co-
pending International PCT Application No. PCT/GB2005/
001154, which is herein incorporated by reference). The
majority of these descriptors are stateless, however, thread
descriptors and scheduler descriptors may transition through
numerous states under certain circumstances. This document
describes these state transitions and the events which cause
them

[0456] Thread Descriptors

[0457] There are two types of thread descriptor recognized
internally by System Weaver; the standard thread descriptor
and the marker thread descriptor. The latter are used exclu-
sively for synchronizing the process of removing scheduling
hierarchy whilst guaranteeing the integrity and ordering of
previously queued thread descriptors.

[0458] FIG. 41 shows the internal thread state diagram
through which both thread descriptors and marker thread
descriptors traverse. Note that states New and Free are
meta-states which have no direct correlation with a persis-
tent state within SystemWeaver. A literal state variable does
not exist within the thread descriptor instead the state is
represented by a number of flags. Table 3 gives the corre-
lation between flag state and the state in which the thread
exists in FIG. 41.

[0459] Standard Thread Descriptor State Descriptions

[0460] The following sections give a brief description of
the state and the events which cause entry and exit from it.

[0461] New

[0462] The new state is transient. New threads are intro-
duced to the TSIF by a push independent or dependant
thread command. The two cases are processed as follows:

[0463] Independent threads (threads with no time or
synchronization dependency) immediately transition
into the pushed state. In this instance the TSIF instructs
the TSSM to introduce the thread into the ready queue
structure.

[0464] Dependant threads (threads with a time or a
synchronization dependency) transition into the
blocked state. The TSIF instructs the TSPM to intro-
duce the thread into the pending and timing queue
structures as appropriate.

[0465] Blocked

[0466] In the blocked state thread descriptors are waiting
for either an external synchronization and/or a timing based
synchronization. Blocked threads originate at the TSIF.
When the appropriate synchronization is received the TSPM
transitions the thread into the Pushed state and instructs the
TSSM to introduce the thread into the ready queue structure.

[0467] Pushed

[0468] Threads in the pushed state have either been syn-
chronized or where originally independent, the TSPM
(dependant threads) and TSIF (independent threads) would
have managed the transitions into the pushed state in these
respective cases. The TSSM pushes the thread into the ready
queue structure and transitions the thread into the ready
state. A transition into the ready state causes a reschedule to
take place.
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[0469] Ready

[0470] Threads in the ready state have either transitioned
from the pushed state or have been flushed back into the
ready queue structure (by the TSSM). The transition into the
ready state always instigates a reschedule. Threads can
transition out of the ready state into either the popped state
or the flushed state, the latter being as a result of a specific
condition which traverses the popped condition to flushed in
a single operation. Threads transition into the popped state
when they have been nominated as the most eligible candi-
date for scheduling by the TSSM.

[0471] Popped

[0472] Threads in the popped state have been nominated
by the scheduler (TSSM) as the most eligible threads for
processing by a particular processing resource instance or a
group of instances, they are transitioned into this state by the
TSOM. Threads can transition into either the flushed state or
the zombie state from the popped state:

[0473] Threads are transitioned by the TSOM into the
flushed state as a result of a more eligible thread being
identified as a result of a reschedule.

[0474] Threads are transitioned by the TSOM into the
zombie state as a result of commencement of process-
ing in one of the system processing resource instances.
The zombie state maintains the thread descriptor until
it can be freed.

[0475] Zombie

[0476] Zombie threads are processed within the TSSM.
The existence of the zombie state is to guarantee that all
dependencies on a given thread descriptor have been dis-
pensed with prior to the freeing of the thread. This is
guaranteed once the thread has reached the front of the
TSSM processing queue, therefore no further processing is
required.

[0477] Flushed

[0478] Flushed threads are processed by the TSSM.
Flushed threads must be re-introduced into the ready queue
structure, causing a reschedule operation. Once this is com-
plete the thread is transitioned back into the ready state by
the TSSM.

[0479] Free

[0480] The free state is a transient state indicating that the
WME consumed by the thread descriptor is placed back on
the free list.

[0481] Marker thread descriptor state descriptions

[0482] The following sections give a brief description of
the state and the events which cause entry and exit from it.

[0483] New

[0484] The new state is transient. New marker threads are
introduced to the TSIF by a push marker thread command.
Marker threads always traverse the blocked state, to ensure
that any processing which exists in the input and output
work queues of the TSPM, which could affect the status of
the scheduler tiers which marker threads are ultimately
deleting, has been completed prior to the arrival of the
marker thread itself.
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[0485] Blocked

[0486] The TSPM immediately transitions marker threads
into the Pushed state and instructs the TSSM to introduce the
thread into the ready queue structure.

[0487] Pushed

[0488] The TSSM pushes marker threads into the ready
queue structure and transitions the thread into the ready
state. A transition into the ready state causes a reschedule to
take place.

[0489] Ready

[0490] When marker threads are introduced to the ready
queue structure, they unlock their immediate parent. The
liberation of that parent scheduling tier is then under the
control of the count of the number of dependant threads.
Marker threads are only eligible to transition out of the ready
state when their parent’s dependant thread count has reached
zero, i.e. there are no further thread descriptors within
SystemWeaver which are dependant on the existence of the
parent scheduling tier.

[0491] Like standard threads, Marker threads can transi-
tion out of the ready state into either the popped state or the
flushed state, the latter being as a result of specific condition
which traverses the popped condition to flushed in a single
operation. Marker threads transition into the popped state
when they have been nominated as the most eligible candi-
date for scheduling by the TSSM.

[0492] Popped

[0493] Marker threads in the popped state have been
nominated by the scheduler (TSSM) as the most eligible
threads for processing by a particular processing resource
instance or a group of instances, note that this scheduling
decision is a special case, indicating that the scheduling tier
is empty and that no further dependant threads exist. Marker
threads can transition into either the flushed state or the
zombie state from the popped state:

[0494] Marker threads are transitioned into the flushed
state as a result of a more eligible thread being iden-
tified as a result of a reschedule.

[0495] Marker threads are transitioned into the zombie
state as a result of commencement of processing in one
of the system processing resource instances. The zom-
bie state maintains the marker thread descriptor until it
can be freed. Additionally, the parent of the marker
thread is also marked for deletion during within this
state.

[0496] Zombie

[0497] The processing of zombie marker threads is similar
to that of normal thread descriptors. The parent scheduling
tiers of marker threads will also be deleted within this state.

[0498] Free

[0499] The free state is a transient state indicating that the
WME consumed by the thread descriptor is placed back on
the free list.

[0500] Scheduler Tier State Diagram

[0501] Scheduler tiers also have implicit state. For a static
tier, i.e. one whose persists throughout the runtime of the
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system, the only state is active. The remaining states are
used by dynamic scheduling tiers, i.e. those that come and
go during runtime. Table 4 gives the correlation between flag
state and the state in which the scheduler tier exists in FIG.
42.

[0502] Scheduler Tier Descriptor State Descriptions

[0503] The following sections give a brief description of
the state and the events which cause entry and exit from it.

[0504] New

[0505] The new state is transient. New scheduler tiers are
introduced to the TSIF by a push independent element
during initialization or at runtime.

[0506] Dormant

[0507] In the dormant state, the scheduler tier is permitted
to accumulate threads and potentially additional child-hier-
archy but will never be scheduled by the TSSM. The
dormant state may be entered in two ways:

[0508] A new scheduling descriptor can be created in
the dormant state

[0509] A scheduling tier may be modified at runtime
and placed into the dormant state through an explicit
system command issued through the TSIF.

[0510] The dormant state can only be exited by an explicit
system command.

[0511] Active

[0512] Scheduler tiers in the active state actively partici-
pate in scheduling and are locked, meaning they will not be
removed when they become empty. Static schedulers will
typically be created in this state. Dynamic schedulers tran-
sition into this state via an explicit system command
received through the TSIF. The scheduler tier only exits the
active state when a marker thread is received, wherein it
enters the “pending free” state.

[0513] Pending Free

[0514] Scheduler tiers remain in the pending free state
until the following two criterion are both satisfied:

[0515] The number of dependant elements, which is a
count which keeps a measure of the number of descrip-
tors which reference this one, becomes 0

[0516] The number of child elements becomes zero

[0517] Note that this implies that the marker thread
descriptor, which caused the transition into the Pending free
state has also been popped, an action which only takes place
when the scheduler tier has no further dependencies.

[0518] Free

[0519] The free state is a transient state indicating that the
WME consumed by the scheduling tier descriptor is placed

back on the free list.
[0520] Inter-Subblock Behavior

[0521] The following section covers aspects of System-
Weaver behavior which involve multiple subblocks.
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[0522] Dynamic Scheduling Hierarchy Manipulation

[0523] 1t is possible to add and remove scheduling hier-
archy during system runtime. If certain user level procedures
are respected, SystemWeaver guarantees the integrity of the
system and the ordering of thread descriptors which transi-
tion from one part of scheduling hierarchy to another. For
further details, please see above.

[0524] Dynamic Scheduling Metric Update

[0525] 1t is possible to update the metrics within a stan-
dard or marker thread. Behaviour is dependant on thread
state:

[0526] If the thread is in the blocked state, an appro-
priate command is sent to the TSPM. Since the pending
queue is sorted, the thread is removed from and re-
inserted into the queue when the metrics are updated to
ensure that it reappears at the appropriate point.

[0527] If the thread is in any other persistent state a
command is issued to the TSSM which performs the
metric update and reschedules the appropriate part of
the scheduling hierarchy.

[0528] TSOM/TSSM Interaction For Scheduling

[0529] Both the TSOM and the TSSM play a part in the
scheduling of thread descriptors to processing resource
instances. Some example sequence diagrams of the interac-
tions between the TSOM and the TSSM are given in FIGS.
72 and 73.

[0530]

[0531] Each sub-block is discussed in terms of'its primary
10, or physical interface to its peers and the outside world,
and also in terms of its command interface, or the methods
which may be called using the command protocols over the
appropriate physical interface.

[0532] TSIF—Interface Manager

Intra-Subblock Architecture and Behaviour

[0533] The interface manager is responsible for orches-
trating the execution of commands received from the inter-
connect group and distributing them to the other sub-blocks.

[0534] The following section describes the functional enti-
ties which exist within the TSIF and are above and beyond
simple translation of commands for internal consumption.

[0535] Architecture

[0536] The TSIF primarily interprets commands received
over the interconnect interface into one or many internal
commands to the remainder of the sub-blocks. The follow-
ing sections give details of the architectural resources which
exist within the TSIF.

[0537] Semaphore Region Locks

[0538] Semaphore region locks (SRL) provide a resource
which may be tested and locked atomically by any system
resource to gain exclusive access to a system resource. They
may be used for any number of reasons:

[0539] To lock a region of system memory containing
one or more shared resources (for example, semaphores
objects, task control objects etc), thereby guaranteeing
integrity.

[0540] To lock the SystemWeaver command interface
for a multi-cycle command access
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[0541] To lock the SystemWeaver debug event interface
for multi-cycle events.

[0542] SRLs have two states; locked and unlocked. Reads
from SRLs are defined as attempts to gain lock, writes to
SRLs are defined as attempts to unlock. There is no required
correlation between the processing resource instance which
locks a particular SRL. and that which releases it. The
behavior is described below:

[0543] Unlocked. In the unlocked state a read from an
SRL returns a control code which indicates to the
reader whether the lock attempt was successful. Writes
have no effect in this state.

[0544] Locked: In the locked state a read from the SRL
indicates that the SRL is not available. A write frees the
SRL.

[0545] Command Handling

[0546] The TSIF breaks commands received from the
system interconnect into possibly multiple internal com-
mands.

[0547] Watchdog and Time-Slice Support

[0548] A dual-mode timer counter is optionally provi-
sioned for each processing resource instance. The two timer
modes are watchdog and timeslice, the default mode is
watchdog.

[0549] Watchdog behavior is defined by a watchdog cycle
and the individual counts (FIG. 44). Watchdog cycles are a
stepped down version of the system clock, with the step
down being defined by a system constant at silicon design
time. FIG. 46(a) shows the behavior for each processing
resource instance on each prescaled watchdog clock cycle:

[0550] the individual watchdog counters are interro-
gated to determine whether a watchdog interrupt is
appropriate.

[0551] if necessary a watchdog interrupt is generated.

[0552] The watchdog timer count is reset on each control
access from the processing resource instance into which the
timer relates, hence, only processing resources which do not
access SystemWeaver over the watchdog interval, experi-
ence a watchdog interrupt.

[0553] The Time-slicing behavior, described previously, is
partitioned between the TSIF and the TSOM. In the TSIF,
timers allocated to each processing resource may be dedi-
cated to timeslice support. When a timeslice interval occurs,
automated metric manipulation is provided in the TSOM
(the running priority is decremented). The processing
resource itself is only pre-empted if, as a result of the
automated metric update, a standard pre-emption becomes
appropriate.

[0554] FIG. 45 shows the per system clock cycle behavior
of the timeslice support logic within the TSIF. FIG. 46(5)
shows the behavior for each processing resource on each
cycle of the prescaled timeslice clock. Note that, after a
timeslice event has taken place, the timer mode is reverted
to watchdog mode.
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[0555]

[0556] SystemWeaver accepts interrupts from the system,
peripheral interrupts, and sources interrupts to the system,
processing resource instance interrupts.

[0557] Peripheral Interrupts

Interrupt Handling

[0558] Peripheral interrupts may be masked and condi-
tioned within the TSIF (edge/level triggered, negative/posi-
tive logic etc).

[0559] Processing Resource Instance Interrupts

[0560] Interrupt handling resources are provisioned within
the TSIF to provide the following facilities:

[0561] Maintain interrupt status, including the source of
an interrupt assertion (pre-emption, timeslice, watch-

dog)
[0562] Mask ability.

[0563] A special feature is implemented within the TSIF to
automate interrupt masking on the System Weaver command
interface. Since the command interface is a common access
point for all processing resources within the system, integ-
rity and efficiency must be maintained. For this purpose,
SystemWeaver automatically handles interrupt masking
when a processing resource gains a lock on the System-
Weaver command interface to ensure that the processing
resource is not interrupted during this critical section of
code.

[0564] A counter is maintained for each processing
resource instance which tracks the number of successful
SystemWeaver command interface semaphore region lock
requests which have been received. Each lock request incre-
ments the count and each unlock request decrements it.
When the counter is incremented from zero, interrupts are
automatically masked, when the count is decremented to
zero, interrupts are automatically unmasked.

[0565] TSIM—Input Manager

[0566] The input manager administers to the WME free
list, handling pop requests from the TSIF and push requests
from numerous sub-blocks (TSIF, TSPM, TSOM, TSSM).

[0567] Architecture

[0568] The TSIM contains only one architectural entity,
the SystemWeaver memory element (WME) free list. FIG.
48 shows the structure of this list.

[0569] The free list operates according to a last in first out
(LIFO) policy. Every member of the list is of type C_SCHE-
D_ENTRY_FREE and is singly linked using the pointer
referenced by C_FREE_QUEUE_POINTER_INDEX.

[0570] Method Interface

[0571] As well as basic linked list housekeeping methods
(get and set status), the input manager presents the following
commands on its interface:

[0572] Push Free Index (C_TSIM_CMD_PUSH_INDEX)
[0573] Caller: (TSIF, TSSM, TSOM, TSPM)

[0574] The push free index command is used to push a
liberated WME index back onto the free list. The arguments
are summarised below:
[0575] wunsigned short Index Index of newly liberated
SystemWeaver memory element.
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[0576] Pop Free Index (C_TSIM_CMD_POP_INDEX)
[0577] Caller: TSIF

[0578] The pop free index command is used to pop a free
WME index from the free list. The arguments are sum-
marised below:

[0579] unsigned short *pIndex Reference to location in
which to place newly allocated WME Node 1D.

[0580] TSPM-—Pending Manager

[0581] The pending manager administers to task or thread
descriptors blocked pending some event; either synchroni-
sation or timer based. Individual pending list associations
are under user control (or the control of higher layer soft-
ware), they may represent a semaphore, a contention
domain, an interrupt or any combination of these.

[0582] Architecture

[0583] The pending manager comprises two principal ele-
ments; a variable number of pending queues and a timer
queue. The pending queues store lists of threads awaiting
synchronisation by some external event whereas the timer
queues store a list of threads awaiting a timeout. It is
possible, and indeed common, for a thread descriptor to be
a member of both lists, whereby a thread descriptor is
permitted to wait for an external synchronisation event for a
bounded length of time.

[0584] Pending Queue Structure

[0585] The pending queue structure of FIG. 50 is prima-
rily instanced within the tightly coupled memory, with
resources and capabilities within the TSPM for processing
its contents. The TSPM itself contains a head pointer and a
number of elements which reference a list of pending queue
descriptors, i.e. a list of lists. Each pending queue contains
a list of thread descriptors, the number of pending queues
may grow and shrink dynamically at runtime. All thread
descriptors in the blocked state exist in a pending queue (in
contrast to the timer queue, in which threads only appear if
they have a defined timeout). The use of multiple pending
queues is dependant upon the needs and preferences of the
application and the application programmer. Pending queues
may be associated with, amongst other things:

[0586] A semaphore which is likely to result in a large
number of pending queues containing few threads each.
Hence the worst case synchronization response time
will be low under these circumstances.

[0587] A contention domain which is a zone within
multiple entities compete for the same resources. For
example, a process (as opposed to a thread) may be
regarded as a contention domain.

[0588] Interrupts. For the fastest response time inter-
rupts will typically be grouped together into an exclu-
sively dedicated pending queue.

0589 Unlike timer ucues, the pendin, ueues are
purely event based.

[0590] These events are:

[0591] A push event, where a new thread is introduced
to a pending queue which either already exists or must
be created.
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[0592] A synchronization event, where one or more
threads must transition into the ready queue structure.

[0593] The following sections describe the behavior under
these circumstances:

[0594] Push Event

[0595] On a push event the TSPM must determine where
in the list to insert the thread descriptor (according to an
identified sort operator metric[0]). There are two circum-
stances which must be considered:

[0596] Push to an existing pending queue
[0597] Push to a new pending queue

[0598] The former case is trivial, the list is interrogated in
order until an insertion point is found. In the classical case
of ascending priority, the sort operator is set to ‘greater than’
(C_PEND_MNGR_PUSH_GTR) and the existing list is
searched. The insertion point is defined by the point when
the new thread’s metric[0] is greater than the next list
members metric[0].

[0599] When a new pending queue is required, the pend-
ing queue insertion takes place immediately before the
insertion of the new thread entry.

[0600] Synchronization Event

[0601] Synchronization events may be received from the
interrupt controller (TSIC) or through the command inter-
face. Synchronization can take place in two modes:

[0602] A literal mode, where the command arguments
make a literal reference to a WME index

[0603] A correlation mode, where a correlation is
sought between a field within the thread descriptor and
a field within the synchronization primitive.

[0604] In the literal mode, since the index of the thread
descriptor is passed into the command, there is no search
required for the most eligible candidate. The correlation
mode requires that the most eligible synchronization candi-
date(s) is/are at first found.

[0605] The correlation mode consists of three sub-types:

[0606] Normal, where only the most eligible candidate
within the specified pending queue is synchronized.

[0607] Multicast, where all eligible candidates within
the specified pending queue are synchronized.

[0608] Broadcast, where all eligible candidates within
all pending queues are synchronized.

[0609] The most eligible candidate is identified by an
argument passed with the command and an element identi-
fier also within the command. The element identifier dictates
which of the candidate thread descriptors’ fields is compared
to the passed argument in order to identify eligibility. In the
normal mode, the algorithm iterates down the pending queue
until an eligible candidate is found, at which point it is
removed from the pending list and, where applicable, the
timer queue and forwarded to the ready queue structure. For
multicast and broadcast modes, this process continues until
the pending queue or each pending queue becomes
exhausted respectively.
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[0610] Special conditions are associated with the removal
of members of the timer queue. See the next section for more
details.

[0611] Timing Queue Structure and Operation

[0612] Each new thread introduced to the timeout queue
initially contains an absolute timeout value. This value may
have been derived by the interface manager from a 32 bit
relative or absolute timeout received as an argument.

[0613] The timer queue uses the C_THREAD_PEND-
ING_QUEUE_TIMER_PTR_INDEX to store a list of
thread descriptors in order of their timeout, with the closest
timeout being at the head of the list. Note that these thread
descriptors will also be members of the priority lists, by
virtue of the second set of pointers indexed by C_THREAD-
_PENDING_QUEUE_PRIORITY_PTR_INDEX. The
basic structure of the timeout queue is shown in FIG. 51.
Rather than storing absolute timeout values within the
individual thread descriptor members of the timer queue, the
timeout relative to the timeout of the immediate predecessor
is stored. This value is stored within a 16 bit field using a
floating point representation—where the mantissa of the
floating point timer format comprises the 11 significant bits
of the absolute number with a 5 bit exponent. The timeout
field of the head element of the timer queue is always copied
into the TSPM TimerHead Timeout register, and reset there-
after.

[0614] The operation of the timing synchronisation archi-
tecture uses several persistent internal resources:

[0615] TimerHeadlIndex; a head pointer to the timer list

[0616] TimerNumElements; the number of elements in
the timer queue

[0617] TimerHeadTimeout; a snapshot of the head
element’s timeout

[0618] TimerDivider; a prescaler for the system clock

[0619] TimerDividercounter; a count-down resource for
the divider

[0620] TimerCounter; a 32 bit counter resource mono-
tonically increasing on each prescaled clock tick

[0621] TimerErrorAdjustCounter; a 32 bit counter used
to accumulate and accommodate errors

[0622] If the TimerDivider register is set to 0, timer
functions are disabled.

[0623] Timer Queue Cycle Behaviour

[0624] FIG. 52 shows the operation which takes place
upon each prescaled clock tick. The TimerHeadTimeout is
non zero when there is no pending timer based synchroni-
sation (the timer queue is in a waiting state), hence no action
is taken. When TimerHead Timeout becomes 0, and the timer
queue is not empty, the system adopts one of two states
according to the value of TimerErrorAdjustCounter. If Tim-
erErrorAdjustCounter is zero, then the expiry of TimerHead-
Timeout has occurred on this cycle and a timer synchroni-
sation primitive is created which will ultimately cause a pop
from the timer queue (and priority queue for housekeeping
purposes). Immediately thereafter the TimerErrorAdjust-
Counter is monotonically incremented until it is reset after
the processing of a time event primitive has completed.
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[0625] Timer Queue Events

[0626] There are three events which cause timer queue
manipulations:

[0627] A time event primitive (C_TSPM_CMD_TIME-
_PRIMITIVE)

0628] A thread push event with a non zero timeout
p
(threads with timeout set to zero are not placed in the
timer queue)

[0629] A non timer based synchronisation event result-
ing in the removal of a thread from the timer queue as
a housekeeping exercise.

[0630] FIG. 53 shows a very basic representation of the
operating modes of the timeout logic. When in the wait state
the TimerHeadTimeout is non zero and monotonically dec-
rementing according to the prescaled clock. TimerErrorAd-
justCounter is maintained at zero in this state. When the
TimerHeadTimeout reaches 0, the head of the timer queue
has timed out and the FSM transitions into the active state,
where pop operations are serviced. Within this state, Tim-
erHeadTimeout is zero and the TimerErrorAdjustCounter is
monotonically incrementing on each cycle. This error count
is used to determine whether the time spent actioning a
previous timeout event have made subsequent timeout
events eligible. Once there are no further eligible timeout
events outstanding, the FSM transitions back into the wait
state and the TimerErrorAdjustCounter is reset.

[0631] The first of a potential sequence of timer derived
pop operations is inferred from a reset timeout field within
the thread descriptor (see FIG. 52). As the head of the timer
queue, this thread is always popped. Thereafter, the TSPM
must assess whether subsequent pops are eligible, to facili-
tate this an additional resource TimerlastError is used to
maintain a sum of all the accumulated popped thread
descriptor timeout deltas. On each further iteration of sub-
sequent members of the timer queue, the TimerLastError is
subtracted from the TimerErrorAdjustCounter, creating a
normalised error count which is compared with the timeout
of the new thread descriptor at the timer queue head. If the
timeout delta within this thread is smaller than the norma-
lised error count, this thread descriptor should also be
popped. Initially the TimerLastError is zero, hence the
thread timeout delta is compared directly against the Tim-
erErrorAdjustCounter. FIG. 54 shows the previous timer
queue structure after the thread 1 timeout has elapsed and the
associated pop operation has taken place. Note that the
TimerLastError has been updated by the thread 2 delta and
that the duration of the thread 1 pop operation means that
thread 2 is now also eligible.

[0632] FIG. 55 shows the state of the queue after the pop
of thread 2. Note that the thread 2 delta has been added to
TimerlLastError, creating a running accumulation of the sum
of the thread descriptor deltas. Note also that the pop
operation on thread 2 took a sufficient length of time that
thread 3 is now eligible.

[0633] FIG. 56 shows the state after the pop of thread 3.
In this case the subsequent thread, thread 4 is not eligible for
a pop so the state of the timer queue may return to wait. The
TimerHeadTimeout must be reset as shown.

[0634] Note that, when transitioning from an active state
back into the waiting state, the TimerHead Timeout must be
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correctly reset. This is achieved by subtracting the difference
between the TimerErrorAdjustCounter and the Timerlas-
tError from the delta of the new timing queue head.

[0635] When a new thread is introduced or pushed to the
timing queue, two cases must be considered; a push to the
head and a push to the body of the timing queue. For a push
to the head, the TimerHeadTimeout is simply set to the
thread delta. Where the queue is non-empty, the old head
descriptor delta is set to the TimerHead Timeout minus the
new thread delta. For a push to body the timer queue block
must walk the timer list to identify where to insert the thread
descriptor. The delta of the next in list is then adjusted to
accommodate the addition of the delta of the new thread (the
new thread delta is subtracted from the next threads delta).

[0636] Pop Operations

[0637] Pop operations, whether as a result of a timer or an
external event synchronisation event, are handled similarly.
There are two cases to consider; where the thread popped is
at the head of the timer queue and where it is not. In the
former case, there are three scenarios; where the timer queue
is in the wait state and where the timer queue is in the active
state. For a pop operation from the head of a ‘waiting’ timer
queue, the TimerHeadTimeout is added to the timer delta of
the next member of the timer queue to form the new
TimerHeadTimeout (note that in timer based pops the value
of TimerHeadTimeout will always be zero). For a pop
operation from the head of an ‘active’ timer queue, and the
TimerErrorAdjustCounter is greater than the delta in the
next thread descriptor, i.e. the next thread is eligible for a
timer based synchronisation, the error counter, TimerError-
AdjustCounter, is rebased to the delta of the popped thread.
For a pop operation from the head of an “active’ timer queue,
and the TimerErrorAdjustCounter is not greater than the
delta in the next thread descriptor, i.e. the next thread is not
eligible for a timer based synchronisation, the delta is
decremented by the error counter and the TimerHeadTim-
eout is updated with the result. The timer queue effectively
reverts to a waiting state.

[0638] Where the popped thread descriptor is not at the
head of the timer list, the delta of the next thread in the timer
queue must be incremented by the delta within the thread
currently being removed.

[0639] Method Interface

[0640] As well as basic linked list status operations (get
and set status) for the pending and timer queues, the pending
manager presents the following commands on its interface:

[0641] Synchronisation primitive (C_TSPM_CMD_SYN-
C_PRIMITIVE)

[0642] Caller:TSIF, TSIC

[0643] The synchronisation primitive command issues a
control packet which liberates a blocked thread descriptor
stored within a pending queue. The arguments are shown
below: unsigned short PendingQueuelD The identity of the
pending queue to which the synchronisation primitive
relates.
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unsigned short The identity of the pending queue to which the
PendingQueueID synchronisation primitive relates.

unsigned char Type The type of the synchronisation. Any of:
UNICAST - synchronise the first matching thread
from the referenced pending queue.
MULTICAST - synchronise all matching threads
from the referenced pending queue.
BROADCAST - synchronise all matching threads
from all pending queues.

Reference. The dependency reference to which this
synchronisation primitive relates.

unsigned long

[0644] Add thread to pending queue
[0645] Caller: TSIF

[0646] This command adds a thread descriptor to a new or
an existing work queue. The command is implied to the
pending manager by the presence of a thread descriptor in
the work queue. The following table illustrates the fields of
the thread descriptor relevant to the command.

CREATE_NEW_ PQ_FLAG Determines whether a new pending queue
must be created for this thread.

The pending queue to which to add the
thread descriptor.

The eligibility of the thread, for use
when ordering the insertion of the thread
descriptor.

The ready queue scheduling tier to which
this thread descriptor will be enqueued
when it becomes unblocked.

Used to set the dependant thread count
within the scheduling tier.

The timeout used for ordering within the
timer queue.

unsigned short
PendingQueueID
unsigned long metrics

TierID

DependancyTimeout

[0647] Process marker thread
[0648] Caller: TSIF

[0649] This command simply passes a marker thread
through the to schedule manager work queue. It is used to
ensure that all dependant threads have been processed by the
pending manager before any possibility of a marker thread
causing a scheduler tear-down.

[0650] Synchronisation primitive
[0651] Caller: TSIF

[0652] This command issues a synchronisation primitive
to a specified pending queue. The following arguments are
present in the command structure:

WME Index This argument may be used to liberate a WME
via a literal reference to its WME address.

The pending queue to which to apply

The synchronisation reference to be compared
to blocking references within threads on the

specified pending queue.

Pending queue index
Synchronisation
reference
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-continued

Synchronisation type  The type of the synchronisation. Any of:
UNICAST - synchronise the first matching
thread from the referenced pending queue.
MULTICAST - synchronise all matching threads
from the referenced pending queue.
BROADCAST - synchronise all matching threads

[0653] Update metrics
[0654] Caller: TSIF

[0655] This command updates the metrics of a blocked
thread and causes a resort of the appropriate pending queue.
The command may be passed to the TSSM if the identified
thread is no longer blocked. The following arguments are
present in the command structure:

Metrics The new metrics for the identified thread

[0656] Unlock pending queue
[0657] Caller:TSIF

[0658] This command unlocks a pending queue such that,
when it becomes empty, it may be liberated back to the free
list. The following arguments are present in the command
structure:

WMEIndex The WME index to be unlocked

[0659] TSOM-—Output Manager

[0660] The output manager administers to the dispatch
queue structures, which reference the next executing thread
descriptor, and the executing metrics of the current execut-
ing thread.

[0661] 1.1.1 Architecture

[0662] The architecture of the TSOM is centred on the
dispatch queue structure, shown in FIG. 58. The output
manager maintains a list of dispatch queue descriptors,
where each DQD is associated with a system processing
resource instance via the ProcElementID field. There are two
groups of elements to the DQD which refer closely to the
functionality of the TSOM as a whole. The first group, the
execution-centric elements, comprising the ProcElementID,
Metric 0, Metric 1 and Default Metric 0 refer to and are
managed within the executing state of the task. The second
group, the ready queue centric elements, comprising the root
scheduler index, the pre-empt index and the next pre-empt
index refer to the ready queue structure of threads awaiting
execution. The TSOM also manages the out of band signal-
ling (typically an interrupt) to the processing resource
instances in the system and the popping of thread descriptors
from the ready queue structure.

[0663] The Execution Centric Elements

[0664] The following is a brief description of the usage of
the execution-centric elements within the dispatch queue
descriptor:
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[0665] ProcElement]ID—this is a static field which
stores an index referring to the processing resource
instance to which the dispatch queue descriptor is
coupled.

[0666] Metrics 0, 1 are dynamically updated fields used
to store the executing metrics of the currently executing
tasks (including the ‘idle task’ and potentially numer-
ous power-down states).

[0667] Default metric 0 is a static field used to support
an optimisation whereby, when pushing the currently
executing thread back into the SystemWeaver server,
and hence becoming idle by definition, the idle metrics
can be restored automatically.

[0668] The Ready Queue Centric Elements

[0669] The following is a brief description of the usage of
the ready queue-centric elements within the dispatch queue
descriptor:

[0670] Root scheduler index is a static reference to the
scheduling root tier associated with the dispatch queue.

[0671] The pre-empt index is a dynamic field which
stores the currently most eligible candidate for the next
execution of a given processing resource. The pre-empt
index is administered entirely within the TSOM and is
set, where appropriate, as a result of a dispatch queue
event.

[0672] The next pre-empt index is a dynamic field
which stores the either a parent of the next most eligible
thread within the scheduling hierarchy or the thread
index itself. The next pre-empt index is only set by the
TSSM and is used as a vehicle for informing the TSOM
of the position within the ready queue structure of the
most eligible threads. The TSOM typically resets the
field after processing.

[0673] Dispatch Queue Events
[0674] Dispatch queue events occur for two reasons:

[0675] A reschedule event: a dispatch queue event
occurs whenever a re-schedule operation within the
schedule manager (TSSM) identifies a change in state
required of the dispatch queue, i.e. a pre-emption,
typically as a result of processing a ready queue event
(push, pop or metric manipulation).

[0676] A dispatch queue pop event: the thread index
referenced by the pre-empt index has been popped by
the interface manager (TSIF). This event is signalled to
the TSOM by virtue of a “dispatch queue popped” flag
(indexed by C_DISPATCH_DESC_POPPED_FLAG)
within the dispatch queue descriptor itself.

[0677] In the case of a dispatch queue pop event, the
popped thread transitions into the zombie state (see FIG. 41)
and, if it is not already present there, it is pushed back into
the work queue for liberation by the TSSM. Thereafter the
TSOM unlinks the thread from the ready queue hierarchy.

[0678] For both reschedule and dispatch queue pop events,
the processing of a dispatch queue event goes on to initiate
a repopulation of the pre-empt index within the dispatch
queue descriptor. By default, if the next pre-empt index is
not a thread index in its own right, this is populated by
walking down the scheduling hierarchy from the scheduling
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tier identified by the next pre-empt index. Once this is
complete, the identified thread index is placed within the
pre-empt index field and the thread is virtually popped from
the ready queue, i.e. it transitions from the ready state into
the popped state (see FIG. 41). This virtual pop is made
manifest by locking the most eligible thread, marking it as
popped and flagging an event back to the TSSM for resched-
uling.

[0679] Under certain circumstances, a dispatch queue
event results in an interrupt. If the repopulated pre-empt
index contains a valid thread descriptor index and the
interrupt is enabled, the interrupt to the system processor
associated with this dispatch queue will be asserted under all
circumstances except where the early interrupt assertion flag
is enabled and the next pre-empt index is a thread, wherein
it will already have been asserted by the TSSM. The dispatch
queue metrics are also updated.

[0680] Although the dispatch queue metrics are represen-
tative of the eligibility of the currently running thread, the
dispatch queue is either being pre-empted, or a dispatch
queue pop has taken place. Hence, the executing thread is
either about to be pre-empted (in which case the update of
the metrics is, at worst, a little premature), or a new thread
is executing and the dispatch queue metrics will be over-
written anyway.

[0681] Where a reschedule has taken place which has
usurped an existing next pre-empt index, the existing pre-
empt index must be virtually flushed back into the ready
queue structure (see FIG. 41). Within the TSOM the thread
is simply marked as flushed and pushed back into the TSSM
work queue for processing. If an eligible thread cannot be
found, the operation simply completes, the client (process-
ing resource) will idle under these circumstances.

[0682] Setting Dispatch Queue Eligibility Metrics

[0683] The dispatch queue eligibility metrics reflect the
executing priority of the task currently running on the
processing resource instance indexed by ProcElementID.
However, under certain optimisations, the dispatch queue
eligibility metrics may also reflect the executing priority of
the task about to commence execution.

[0684] The dispatch queue priority metrics are used to
control pre-emption, they are manipulated for a variety of
reasons:

[0685] Commencing a new task
[0686] Completion of the current task
[0687] Priority inversion
[0688] Power management
[0689] In all cases the intention is to tune the operation of

the scheduling of ready queues. Where the update results in
the modification of a pool root node, that node is flagged to
the TSSM for a reschedule operation. For more details of
metric propagation within pool participants and non-pool
participants see above.

[0690] As an optimization, when the processing resource
instance pushes the currently executing thread back into the
ready or blocked state within SystemWeaver, the executing
priority is automatically reset to the default metric.
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[0691] Method Interface

[0692] As well as basic status operations on the dispatch
queue linked list (get and set status), the output manager
presents the following commands on its interface:

[0693] Automated executing metric update (C_TSOM_C-
MD_SERVICE_TIME_SLICE_EXPIRE)

[0694] Caller: TSIF

[0695] This command automatically modifies the least
significant bit of metric 0 of the metric held within the
dispatch queue for the identified processor ID. Since the
argument is the identity of the processor, not the dispatch
queue descriptor itself, the command initially walks the
dispatch queue descriptor list to find the appropriate descrip-
tor. The modification is a simply inversion of the least
significant bit, assuming that the reserved portion of the
metric field is set appropriately, this has the effect of
reducing the priority of the executing thread regardless of
whether priority is ascending or descending.

[0696] The arguments are shown below:

unsigned char ProcID The processing resource ID of the processor

whose executing priority must be updated.

[0697] Set dispatch queue metrics
[0698] Caller:TSIF (from an explicit system call)

[0699] This command sets the executing metrics for a
particular dispatch queue.

[0700] The following arguments are present in the com-
mand structure:

WMEIndex
Metrics

The index of the dispatch queue descriptor
The new executing metrics for the identified
dispatch queue.

[0701] Set default dispatch queue metrics
[0702] Caller: TSIF

[0703] This command resets the executing metric(0) for a
particular dispatch queue to the default value, also held
within the dispatch queue. There are no arguments to this
function.

[0704] Dispatch queue event (C_SCHED_ENTRY_DIS-
PATCH_LIST)

[0705] Caller: TSSM

[0706] This command causes the dispatch queue descrip-
tor to be updated when required by a change in state of the
ready queues.

[0707] TSSM-—Schedule Manager

[0708] The schedule manager administers to scheduling
decision inherent in the parent and child linkages of the
ready queue structures.

[0709] Architecture

[0710] The TSSM is fed commands exclusively from its
work queue interface and is purely event driven. However,
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certain behaviour is common to several commands, this
behaviour is described below:

[0711] Reschedule

[0712] The reschedule function re-evaluates the schedul-
ing decision from a defined point in the scheduling hierar-
chy. The reschedule operation is work conserving, no addi-
tional work is done over and above that which is associated
with parts of the hierarchy whose state could conceivably be
affected by an event.

[0713] There is one particularly interesting argument to
the reschedule function; UpdateRequired. UpdateRequired
is used to propagate update status between scheduler tier
operations. For example, although other state must still be
administered, a pop operation which did not update the
decision in a child tier, need not cause an entire scheduling
iteration within the parent tier. In this case UpdateRequired
would be false.

[0714] FIG. 60 shows the basic flow of a reschedule
operation. Intratierscheduler performs scheduling within a
tier, and results in the update of the tier parents head index
pointer. Intertierscheduler scales successive tiers within the
scheduling hierarchy towards the dispatch node. Note that
the intertierschedule function is called with the parent index,
thereby immediately scaling a level of hierarchy. Interpoolt-
ierschedule is a special case scheduling algorithm which is
the only algorithm to fanout from a single node, the pool root
node, to multiple nodes, the pool static nodes.

[0715] The remainder of this section describes the opera-
tion of the scheduling algorithms.

[0716]

[0717] The most fundamental scheduling operation is tra-
versing the link list of elements within a scheduling tier to
identify which is the most eligible and updating the head
pointer of the parent accordingly.

[0718] In the trivial case, where an appropriate descriptor
is pushed to an empty scheduling tier, the parent’s head
pointer and number of elements are unconditionally updated
and the metrics are conditionally propagated (according to
metric propagation operators) from the new child to the
parent.

Intra-Tier Scheduler

[0719] FIG. 61 shows the more general case for a push
operation. The validity of the current selection and the
candidate selection is a combination of a number of factors:

[0720] The selection must have content which can be
scheduled. For a thread this is always true, but for a
scheduler this is dependant on the content of its sub-
ordinate hierarchy.

[0721] If the descriptor is a scheduler, it must not be
dormant, nor must its invalid selection flag be set.

[0722] If the descriptor is a standard thread, it must not
be locked, nor must it be in a work queue.

[0723] If the descriptor is a marker thread, the parents
total dependency count must be zero and the marker
thread must be the only entry left in the tier.

[0724] Note that the candidate is only compared with the
current selection, the most eligible descriptor from a previ-
ous scheduling operation—if the candidate beats the winner,
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it must be the new winner. “Schedule Pair” relates to the
algorithm held within the parent scheduling tier, as dis-
cussed above. The “Update parent” variable carries an
instruction back to the caller that the parent of this tier
should also be updated as a result of this operation.

[0725] In the general case of a reschedule, for example
where metrics have been updated, or where a pop has
occurred, the full tier must be re-evaluated to find the new
most eligible candidate. This process steps through the
operations of FIG. 61 multiple times until the entire tier has
been re-evaluated, as shown in FIG. 62.

[0726]

[0727] Inter-tier schedule is run a single time per sched-
uler tier, which may amount to several times per scheduling
event. Inter tier scheduling is highly dependant on the type
of the parent. In summary, inter-tier scheduling continues to
call intra-tier scheduling until the parent becomes a dispatch
queue. There is one exception to this, which is where a pool
distribution node is encountered.

[0728] FIG. 63 shows the basic flow of inter-tier sched-
uling. There is unique behaviour associated with a dispatch
queue descriptor (DQD) parent and a pool root node (PRN)
parent. However, in other cases, the inter-tier scheduler
simply replaces the current child index with the current
parent (thereby iterating up the scheduling hierarchy) and
recalls itself.

Inter-Tier Schedule

[0729] FIG. 64 shows the dispatch queue processing in the
inter-tier scheduling routine. Firstly, the executing metrics,
contained within the dispatch queue descriptor (DQD), are
scheduled against the metrics held within the scheduler root
node, according to the algorithm defined in the DQD. If this
operation determines that a pre-emption is required an
update is made to the DQD next pre-emption index accord-
ing to the type of event which started the reschedule opera-
tion. If this event was a thread push, the scheduled thread
index is placed directly in the next pre-empt index field,
otherwise the scheduler root node index is used. It then falls
on the TSOM to iterate the scheduling hierarchy to find the
thread descriptor Inter-Pool Tier Scheduling Inter pool tier
scheduling is used to identify which, if any, of the associated
processing resource instances, should be selected for ser-
vicing a thread descriptor held within the current pool. In
that sense it operates in a unique manner, since, unlike all
other scheduling algorithms described here, it is typically
seeking the least eligible candidate.

[0730] FIG. 66 shows the flow through an inter-pool tier
scheduling operation, represented graphically in FIG. 65.
The initial intra-tier scheduling operation determines
whether the candidate from the scheduling hierarchy is more
eligible than any of the executing tasks, as indicated by the
metrics held within the pool static nodes within the pool
distribution tier. There are two results, an indication of
whether an update is required and the identification of the
node to which the update must be applied.

[0731] The algorithm then proceeds to iterate around the
entire pool distribution tier, starting at the pool static node
indicated by the appropriate “next pointer” of the pool root
node.

[0732] On each iteration, as well as administering to
housekeeping functions (such as maintenance of thread
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counters and other state) inter-tier scheduling is called on the
pool attachment tier. As is normally the case, inter-tier
scheduling continues to propagate up the entire hierarchy of
scheduling until it reaches the dispatch node. Inter-tier
scheduling takes an argument which indicates whether fur-
ther scheduling tiers should fully re-evaluate the scheduling
decision, “update required”. This flag is set under two
circumstances in the context of inter-pool scheduling:

[0733] The pool static node currently being processed is
the node that was identified by intra-pool scheduling as
the most eligible node for processing the most eligible
thread beneath the pool root node.

[0734] The hierarchy beneath the pool root node is
empty of any eligible scheduling candidates.

[0735]

[0736] FIG. 67 shows the flow of intra-pool tier schedul-
ing. In the first instance there is an optimisation which
decreases the scheduling time for push only operations—this
improves the responsivity of the system to new tasks becom-
ing available.

Intra-Pool Tier Scheduling

[0737] Assuming that this is not an exclusive push opera-
tion, the scheduling operation sets the current selection and
candidate selection to the first two PSN nodes in the pool.
The algorithm then enters a loop around the entire pool
distribution tier. On each iteration, the current selection is
scheduled against the candidate. Note that the same sched-
uling algorithms are used for pool distribution tiers as other
scheduling tiers, however, the individual algorithms selected
are likely to differ since, in this scenario the correct selection
is showing the least eligible metrics by normal standards.

[0738] Ifthe candidate presides over the current selection,
the current selection is updated to the candidate, the candi-
date is updated to the next entry in the tier and the process
continues until the candidate becomes the PRN.

[0739] In an exclusive push operation this iteration is
avoided. The current selection and update node is simply set
to the parent of the PRN (which defines the current sched-
uling selection), and the candidate is the PRN itself.

[0740] In all cases the pool root node is then checked for
schedulable content, if there is none, then “no update” status
is set and the algorithm returns. However, if there is schedu-
lable content the process continues to the second phase,
whereby the existing selection from the PRN (in exclusive
push operations), or the result of the iteration (in other cases)
is scheduled against the PRN itself. If the PRN wins this
contest then an update is required, otherwise it is not.

[0741] Examples

[0742] FIG. 68 shows the TSSM scheduler processing
associated with the push of a thread descriptor (node #5) into
a static scheduling element (node #3). The first intra-tier
scheduling operation takes place within the context of the
reschedule function and is with respect to the parent node
#3. Reschedule then moves up a layer of hierarchy and calls
inter-tier scheduling with the parent node #2. The iteration
immediately after this finds the parent node #1, which is a
DQD. Hence there are no further calls to the intra-tier
scheduler and a scheduling comparison is done between the
metrics of the most eligible candidate stored within the root
node and the executing thread, stored within the dispatch
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node. In this case, a pre-emption is appropriate and a
dispatch queue event is communicated to the TSOM.

[0743] FIG. 69 shows a more cascaded scheduling hier-
archy. Here, an additional call is made to the intra-tier
scheduling function for the additional layer of hierarchy.
Note though, that the scheduling tiers 5 and 3 remain
unaffected as the scheduling event which caused the
reschedule operation is out of their scope.

[0744] FIG. 70 gives a third example, in this case of a pool
scheduling operation. As before the tier into which the
thread push event occurs is subject to an intra-tier schedul-
ing operation, in this example, the new thread is the most
eligible in the pool root tier. The inter pool tier scheduler
then makes a call to the intra pool tier scheduler to determine
whether any of the system processing resources should be
pre-empted by the newly arrived thread. In this case, the
result of intra pool tier scheduling is that the processing
resource instance associated with dispatch queue descriptor
at WME index 7 should be pre-empted.

[0745] Inter pool tier schedule then iterates around the
pool distribution tier, first calling inter-tier schedule on node
4. In turn inter-tier schedule calls intra-tier schedule to
update scheduler tier 1, although no exhaustive scheduling
is required since this is not the pre-empted tier—processing
is limited to maintenance of state information, hence, there
is no dispatch queue event to the TSOM, nor interrupt to the
system processing resource.

[0746] The next call is inter-tier scheduling on tier 2. In
this case the tier is properly scheduled to establish whether
the newly pushed thread descriptor is more eligible than any
other candidates. The candidates metrics are finally com-
pared with those of the executing thread stored within the
dispatch queue descriptor to determine whether a pre-emp-
tion is appropriate. In this example it is and, accordingly, a
dispatch queue event is sent to the TSOM and the system
processing resource instance interrupt is flagged.

[0747] Once again, only those scheduling tiers which are
touched by the scope of the push thread event are re-
evaluated.

[0748] Method Interface

[0749] The TSSM is directed exclusively via the work
queue.

[0750] Service thread descriptor event

[0751] Caller:TSIF, TSPM, TSOM

[0752] The behaviour of this command is dependant on

the settings within the flags of the received thread:

[0753] If the pushed or flushed flags are set the parents’
total thread elements count is increased. If the popped
flag is set, it is decreased (note that the net effect of a
combination of the above can be NULL).

[0754] Threads with the pushed flag set are then linked
into the ready queue hierarchy. Where they have tran-
sitioned from the blocked state, the parents’ count of
dependant threads is also decreased.

[0755] The only behaviour which is exclusive to marker
threads is the unlocking of the parent (transitioning the
scheduler tier into the “pending free” state—see FIG.
42).
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[0756] The TSSM requests that any thread descriptors
received in the zombie state are freed when processing
this command.

[0757] This command always requests a reschedule.
[0758] Reschedule Pool Distribution Tier

[0759] Caller: TSOM

[0760] This command is called as a result of a change in

the metrics of an executing thread. Where the dispatch
descriptor participates in a pool, these metrics are propa-
gated through the distribution hierarchy and ultimately call
this function to re-evaluate the scheduling decision.

[0761] Reschedule or delete scheduler tier
[0762] Caller: TSOM

[0763] This command is called by the TSOM for two
reasons:

[0764] As a result of a change in the metrics of an
executing thread, where the dispatch descriptor does
not participate in a pool, to re-evaluate whether a
pre-emption is appropriate. This operation passes a
scheduling root node. Where the scheduling tier con-
tains thread descriptors in its hierarchy, a reschedule is
requested

[0765] To delete a scheduling tier, where the TSOM has
determined that it is appropriate to do so. This deter-
mination is based on the locked flag, dependant thread
counts and number of child elements (false, O and 0
respectively). The actually freeing of the descriptor
manifests itself as a request to the TSIM.

[0766] Push an Independent Element
[0767] Caller: TSIF

[0768] This command may be used during initialisation to
push static scheduling tiers into the scheduling hierarchy, or
it may be used dynamically to add thread descriptors or
dynamic scheduling hierarchy during runtime.

[0769] Update Thread Metrics
[0770] Caller: TSIF

[0771] Updates the metrics of a thread descriptor within
the ready queue hierarchy. Metrics may only be updated
when the thread descriptor is in the ready state (FIG. 41).

[0772] This command causes a reschedule.

[0773] Update Scheduler State
[0774] Caller: TSIF
[0775] This command enables the update of scheduler

algorithms, metrics and metric propagation algorithms. The
command causes a reschedule.

[0776] Activate Scheduler Tier
[0777] Caller: TSIF

[0778] This command activates a dormant scheduler tier.
The command causes a reschedule.

[0779] De-Activate Scheduler Tier
[0780] Caller: TSIF
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[0781] This command deactivates a dormant scheduler
tier.

[0782] TSMM-—Memory Manager

[0783] The memory manager (FIG. 71) provides multi-
plexing/demultiplexing behaviour to for aggregating access
to the TCM. It also provides locking capabilities to ensure
the integrity of resources shared between multiple sub-
blocks.

[0784] Architecture

[0785] From an architectural perspective, the memory
manager can be regarded primarily as a mux/demux which
aggregates access to the TCM amongst the six possible
requesters. It also maintains the integrity of WMEs, where
multiple sub-blocks are attempting access to the same
resource, by implementing a lock cache.

[0786] Access Aggregation

[0787] Access aggregation is under the control of a sched-
uler. This scheduler is asymmetric:

[0788] TSIF has the highest priority
[0789] TSOM has the next highest priority

[0790] All remaining requesters have equal priority, and
are treated in a work-conserving round-robin.

[0791] Lock Caching

[0792] Each block has an allocation of between one and
four locks. These numbers represent the number of WMEs
to which the sub-block requester can have exclusive access.
A sub-block requesting a locked resource is blocked until the
resource becomes available. Contention between multiple
blocks spinning on the same resource is resolved by priority.

[0793] Scheduling Sequence Diagrams
[0794] Push Event

[0795] The sequence diagram in FIG. 72 shows the inter
sub-block interactions following a push event. Note that the
work queues have been introduced to store commands as the
TSSM and TSOM are, of themselves, single threaded.
Please, refer to FIG. 68 for a representative scheduling
hierarchy.

[0796] The state before the push event is that thread #4 is
the current pre-emption index within dispatch queue
descriptor #1. The first reschedule identifies that thread #5 is
more eligible than thread #4, as a result dispatch queue
descriptor #1 is pushed into the TSOM work queue.

[0797] A dispatch queue descriptor in the TSOM work
queue causes a dispatch queue event within the TSOM. This
event virtually pops thread descriptor #5 and sets dispatch
queue metrics accordingly. This pop operation causes a
change of state in the ready queues and hence a reschedule
must be called. This is achieved by pushing thread #5 into
the TSSM work queue with the popped flag set.

[0798] Since thread #4 has been virtually popped previ-
ously, it now needs to be flushed back into the ready queue
structures. This also constitutes a change of state within the
ready queue structure and hence another reschedule is
required. This is achieved by pushing thread #4 into the
TSSM ready queue structure with the flushed flag set.
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[0799] Note that the second and third reschedule opera-
tions cannot be merged as the virtually popped thread and
the flushed thread may be in largely distinct parts of the
ready queue hierarchy.

[0800] Pop Event

[0801] The sequence diagram in FIG. 73 shows the inter-
action between the TSIF, TSOM and TSSM when a thread
descriptor is popped from the “virtual” dispatch queue.

[0802] The pop command itself is received by the TSIF
over the command interface, or system interconnect. The
TSIF issues a dispatch queue popped command to the
TSOM by pushing the dispatch queue descriptor onto the
TSOM work queue with the popped flag set.

[0803] The dispatch queue descriptor in the TSOM work
queue causes a dispatch queue event within the TSOM. The
dispatch queue event handler instructs the TSSM to request
that the thread descriptor which has just been popped, in this
case thread #5, is placed back on the free list. The next
pre-emption index, storing the next most eligible candidate
for execution, is then virtually popped by the TSOM. This
represents a change of state for the ready queue structure,
hence the TSSM is instructed to reschedule by the TSOM—
the next pre-empt thread is pushed into the TSSM work
queue with the popped flag set.

[0804] In the foregoing specification, embodiments of the
invention have been described with reference to numerous
specific details that may vary from implementation to imple-
mentation. Thus, the sole and exclusive indicator of what is,
and is intended by the applicant to be, the invention is the set
of claims that issue from this application, in the specific
form in which such claims issue, including any subsequent
correction. Hence, no limitation, element, property, feature,
advantage, or attribute that is not expressly recited in a claim
should limit the scope of such claim in any way. Accord-
ingly, the specification and drawings are to be regarded in an
illustrative rather than a restrictive sense.

What is claimed is:

1. A method of scheduling executable transactions within
a multicore processor comprising a plurality of processor
elements, said method comprising:

listing, using at least one distribution queue, a portion of
said executable transactions in order of eligibility for
execution;

providing a plurality of executable transaction schedulers,
wherein each executable transaction scheduler com-
prises a scheduling process for determining a most
eligible executable transaction for execution from at
least one candidate executable transaction ready for
execution;

linking said executable transaction schedulers together to
provide a multilevel scheduler; and

outputting said most eligible executable transaction from
said multilevel scheduler to said at least one distribu-
tion queue.
2. The method of claim 1, wherein said multilevel sched-
uler has a hierarchical structure.
3. The method of claim 1, wherein a portion of said
executable transactions comprise an application, said
method further comprising:
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commencing execution of said executable transactions
during a runtime of said application;

dynamically creating, during said runtime, an additional
executable transaction scheduler; and

linking said additional executable transaction scheduler
into said multilevel scheduler.
4. The method of claim 3, wherein said linking said
additional executable transaction scheduler further com-
prises:

assigning one or more executable transactions ready for
execution to said additional executable transaction
scheduler.

5. The method of claim 3, further comprising:

un-linking said additional executable transaction sched-
uler upon completion of all executable transactions
marked for processing by said additional executable
transaction scheduler; and

removing said additional executable transaction scheduler
from said multilevel scheduler.
6. The method of claim 1 further comprising:

providing at least one pending queue for providing said at
least one candidate executable transaction to said plu-
rality of executable transaction schedulers.

7. The method of claim 1 further comprising:

providing a dispatch queue for each processor eclement,
said dispatch queue listing executable transactions in
order of execution on an associated processor element.
8. The method of claim 7 further comprising:

associating a select distribution queue of said distribution
queues with a particular processor element and output-
ting contents of said select distribution queue directly
into a dispatch queue of said particular processor
element.

9. The method of claim 7 further comprising:

providing a pool of processor elements by associating a
first distribution queue to a first portion of said plurality
of processor elements and outputting contents of said
first distribution queue to one or more dispatch queues
of associated processor elements, dependent upon an
eligibility of a processor element associated with a
dispatch queue to execute a particular executable trans-
action.

10. The method of claim 9 further comprising:

outputting contents of another one of said at least one
distribution queue to a dispatch queue of said pool of
processor elements.

11. The method of claim 9 further comprising:

providing an additional pool of processor elements by
associating a second distribution queue to a second
portion of said plurality of processor elements and
outputting contents of said second distribution queue to
one or more dispatch queues of associated processor
elements, dependent upon an eligibility of a processor
element associated with a dispatch queue to execute a
particular executable transaction.

12. The method of claim 9, wherein an eligibility of an
associated processor element to execute a particular execut-
able transaction is dependent upon a busy status of said
associated processor element.
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13. The method of claim 12, wherein said busy status of
said associated processor element is dependent upon a
number of executable transactions already in a dispatch
queue for said associated processor element.

14. The method of claim 9, wherein an eligibility of an
associated processor element to execute a particular execut-
able transaction is dependent upon a power status of said
associated processor element.

15. The method of claim 11, wherein said pool of pro-
cessor elements and said additional pool of processor ele-
ments share one or more common processor elements.

16. The method of claim 11, further comprising moving
executable transactions between said pool of processor
elements and said additional pool of processor elements.

17. The method of claim 7 further comprising:

providing at least one timeslice group of executable
transactions, said timeslice group being associated with
a processor element and each executable transaction in
said timeslice group having a predefined portion of
execution time on said associated processor element.
18. The method of claim 9 further comprising:

providing at least one timeslice group of executable
transactions, said timeslice group being associated with
said pool of processor elements and each executable
transaction in said timeslice group having a predefined
portion of execution time on said associated pool of
processor elements.

19. The method of claim 17 further comprising:

providing a pre-emption group of executable transactions
for each timeslice group of executable transactions,
said pre-emption group of executable transactions tak-
ing priority of execution on an associated processor
element or pool of processor elements over any of said
timeslice group of executable transactions.

20. The method of claim 19 further comprising:

providing at least one timeslice group of executable
transactions with a predefined portion of execution time
on at least one processor element from said associated
pool of processor elements, when said pre-emption
group of executable transactions are being executed on
at least one other processor element from said associ-
ated pool of processor elements.

21. The method of claim 20 further comprising:

causing an executable transaction from said at least one
timeslice group to be executed on an associated pro-
cessor element;

causing said executable transaction to yield to an execut-
able transaction from said pre-emption group; and

resuming execution of said executable transaction on said
associated processor element when execution of said
executable transaction from said pre-emption group has
completed.

22. The method of claim 1 further comprising:

identifying a change in at least one of said executable
transactions and said multicore processor; and

re-determining a most eligible executable transaction for
execution from said at least one candidate executable
transaction ready for execution, for an executable trans-
action scheduler, as a consequence of said identified
change.
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23. The method of claim 22, wherein said re-determining
is performed for each executable transaction scheduler
affected by said identified change.

24. The method of claim 1, wherein plurality of processor
elements within said multicore processor comprise recon-
figurable logic, said reconfigurable logic being reconfig-
urable during runtime, said method further comprising:

providing a configuration queue of executable transac-
tions per each configuration of said reconfigurable
logic, said configuration queue listing executable trans-
actions ready for execution and allocated to a particular
configuration of a reconfigurable processor element;

outputting contents of said configuration queue associated
with a currently selected configuration to said recon-
figurable processor element for execution; and

switching said currently selected configuration when a
predefined threshold is reached.
25. The method of claim 24, wherein said switching said
currently selected configuration further comprises:

stopping said output of contents of said configuration
queue associated with said currently selected configu-
ration;

selecting another available configuration and changing
said currently selected configuration of said reconfig-
urable logic to said another available configuration; and

outputting contents of said configuration queue associated
with said another available configuration to said recon-
figurable processor element for execution.

26. The method of claim 24, wherein said reconfigurable
logic comprises a memory.

27. The method of claim 24, wherein said predefined
threshold is a maximum time allowed before a particular
executable transaction must be executed in order to maintain
integrity of an application.

28. The method of claim 25, wherein said selecting
another available configuration is dependent upon a con-
figuration queue length.

29. The method of claim 28, wherein a configuration
associated with a longest configuration queue is selected.

30. The method of claim 1, wherein at least two different
scheduling processes are used by said plurality of executable
transaction schedulers.

31. The method of claim 30, wherein said scheduling
processes comprise at least one of a first-in-first-out sched-
uling, priority-based scheduling, round robin scheduling,
and weighted fair queuing scheduling.

32. The method of claim 1, wherein at least one of a
manipulation and an allocation of executable transactions
within said multicore processor is carried out using pointers
in a dedicated memory, said pointers referencing a main
memory comprising instructions which further comprise
executable transactions.

33. The method of claim 32, wherein at least one of a
distribution queue or a dispatch queue comprises a linked set
of pointers stored in said dedicated memory.

34. The method of claims 32, wherein said pointers
comprise a plurality of executable transaction parameters
defining characteristics of executable transactions upon
which scheduling decisions are made, and wherein said
executable transaction parameters are used to schedule
executable transactions.
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35. The method of claim 34, wherein said scheduling
processes manipulate said parameters over time.

36. The method of claim 34, wherein said plurality of
executable transaction parameters comprise a first and sec-
ond subset of executable transaction parameters, and
wherein said second subset of executable transaction param-
eters are utilized only when said first subset of executable
transaction parameters are in a predefined configuration.

37. A method of scheduling executable transactions
within a multicore processor comprising a plurality of
processor elements, said executable transactions defining an
application, said method comprising:

maintaining a hierarchy of executable transaction sched-
ulers, wherein said hierarchy is adapted to schedule
executable transactions in accordance with at least one
requirement of said application when in use, wherein
each level of said scheduler hierarchy comprises at
least one executable transaction scheduler, and wherein
said at least one executable transaction scheduler com-
prises at least one rule to sort said executable transac-
tions into an ordering based upon an eligibility of said
executable transactions for execution on one or more of
said plurality of processor elements.

38. A method of scheduling executable transactions in a
multicore processor, said multicore processor having a plu-
rality of processor elements, wherein at least one processor
element within said multicore processor contains reconfig-
urable logic, said reconfigurable logic being reconfigurable
during runtime, said method comprising:

providing a configuration queue of executable transac-
tions per each configuration of said reconfigurable
logic, said configuration queue listing executable trans-
actions ready for execution and allocated to a particular
configuration of a reconfigurable processor element;

outputting contents of said configuration queue associated
with a currently selected configuration to said recon-
figurable processor element for execution; and

switching said currently selected configuration when a

predefined threshold is reached.

39. A computer-usable medium having computer-readable
program code embodied therein for causing a computer
system to perform a method of scheduling executable trans-
actions within a multicore processor comprising a plurality
of processor elements, said method comprising:

listing, using at least one distribution queue, a portion of
said executable transactions in order of eligibility for
execution;

providing a plurality of executable transaction schedulers,
wherein each executable transaction scheduler com-
prises a scheduling process for determining a most
eligible executable transaction for execution from at
least one candidate executable transaction ready for
execution;

linking said executable transaction schedulers together to
provide a multilevel scheduler; and

outputting said most eligible executable transaction from
said multilevel scheduler to said at least one distribu-
tion queue.
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40. The computer-usable medium of claim 39, wherein
said method further comprises:

providing a dispatch queue for each processor eclement,

said dispatch queue listing executable transactions in

order of execution on an associated processor element.

41. The computer-usable medium of claim 40, wherein
said method further comprises:

associating a select distribution queue of said distribution
queues with a particular processor element and output-
ting contents of said select distribution queue directly
into a dispatch queue of said particular processor
element.
42. The computer-usable medium of claim 40, wherein
said method further comprises:

providing at least one timeslice group of executable
transactions, said timeslice group being associated with
a processor element and each executable transaction in
said timeslice group having a predefined portion of
execution time on said associated processor element.
43. The computer-usable medium of claim 42, wherein
said method further comprises:

providing a pre-emption group of executable transactions
for each timeslice group of executable transactions,
said pre-emption group of executable transactions tak-
ing priority of execution on an associated processor
element or pool of processor elements over any of said
timeslice group of executable transactions.

44. The computer-usable medium of claim 39, wherein
plurality of processor elements within said multicore pro-
cessor comprises reconfigurable logic, said reconfigurable
logic being reconfigurable during runtime, said method
further comprising:

providing a configuration queue of executable transac-
tions per each configuration of said reconfigurable
logic, said configuration queue listing executable trans-
actions ready for execution and allocated to a particular
configuration of a reconfigurable processor element;

outputting contents of said configuration queue associated
with a currently selected configuration to said recon-
figurable processor element for execution; and

switching said currently selected configuration when a
predefined threshold is reached.
45. The computer-usable medium of claim 44, wherein
said switching said currently selected configuration further
comprises:

stopping said output of contents of said configuration
queue associated with said currently selected configu-
ration;

selecting another available configuration and changing
said currently selected configuration of said reconfig-
urable logic to said another available configuration; and

outputting contents of said configuration queue associated
with said another available configuration to said recon-
figurable processor element for execution.
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